ECOLOGICAL MONOGRAPHS 


Vo_umE 14 OCTOBER, 1944 NuMBER 4 








LIGHT, EYESTALK CHEMICAL, AND CERTAIN OTHER FACTORS AS 
REGULATORS OF COMMUNITY ACTIVITY FOR THE 
CRAYFISH, CAMBARUS VIRILIS HAGEN 


TILDEN W. Roserts 
Department of Zodlogy and Entomology 
University of Tennessee 








TABLE OF CONTENTS 


MEN MG rar atrSeGs ila sie a ise 295 14s Oulee wins 6 HEAR o's bro's 6 dinle-wioias bpd ewe weal 
cee ee te ge fo, a rr 
SR MUIR 51 28s 5515s usin sis bie iG ov a Van o:G'o o's iso cals 9 S56’ SieSs 916-1 
CCC OUCL eee Ce eto te Gao ub ess 6s 5 cba ha saGd Ms Oho oN ece aw se eae sect aes 
ee ee en OER PERE 55 sos dons oS dole Siecdbad ed sees pen edseeodios 
ee IN ak ae ba is oud ks nis oS vigi oo Suis’ 'st.gneine oles vt ores ere 
Reactions ..... RG BN i So oe, uae bneosbanle 
aaa nn a Oe I 52 9 6 6s ke dw nw Wr idle wid dle wid esioe ele 


Locomotion of Cambarus virilis Hagen in a simulated natural environment........ 


ETERNAL FACTORS THAT BAGULATS LOCOMOTION «....... occ ccc c ces cccccecesecess 
ra Sane PU UU 70 III S20. Sei cos. oe wins -0:b:0:66 so. p whaiee 0,6 a 408 0% 
EMER ac eee Ce hes Yaka bw pe san dikb ois os bude vieios ds dels ease sess 
I eee eh ngs Gaia 555 0b sina oS Ais ain oh nisls's b:0i0\o.0'm wie bs. 0Wie Sin sw o8is 
a Eo i a bg G6 Sow nein sb i0.4 oo oslo ow Sse 0's a. 
i Socios 6 cals sissy isso bh eed ch esaes sab ean es 
Se Ssh big Sigh a gs Was oa ssn 6S des bP aAa SS Se eS 
EE ask A Liiy ib ois !h’s, o'pia's pip'a'e alae 6's h.wiG a \aip Wisiate ay, o. 
PPPORORTRIAON GHG TMESTOTOUAIAON OF GBte .. 2... ccc wcccccccccccvcceecece 
Fluctuation of oxygen concentration in aquatic habitats as a possible 
rr oe id kek bob bbe 6S 040,00 ow 00 so 0.0 5008s s06es nai 
Fluctuations in acidity and alkalinity as possible influences ...................-. 


Avatiaiility of food as a regulator Of locomotion .........05cceccccccsseccccess 


oN vt) yi ee eee ee eee TEL eee 
en an PINON UN MIUININS 6 5555 0.0 0's 6 0 6.5 50 5c owins Ue ese endes cewteceseieesie 
Demperatare BS w possible MAWENCE .... 2 .o. 2. cess csc ccrcecccsecssevsvssceses 
RRM NENT Foc ecb oboe she i sensor ecadsedeseceaesosecsesonsssereseerens 
Evidences for hormonal inhibition of locomotion ..............00 ese e cece eeeeees 
RE eee ALE O5s bb bbs oF bo bo 405104 50's W'6.0 00.6:948 0 oid 05's 0's 0 8 
GEN ns pipe Sait bss bi ad s.5'0's'9 0.0 oe 0's 0 0's 6008 oa ee asvens ee 
En rN tooo oy nye soins a's 4 vit wine + 0:65 4.06 419101 5.0 6 o's 
POMEERAOR OF ODA MOTVER DY PING. o... 2.55. ec ce cc eesecccsccesees 
Maceration or puncture of tissue at bases of eyestalks ............. 
nn RR ins aint GSD Sige as > o'e)b 0s in 'a's'a db nib ales 0s 640 
Injection of eyestalk extract and physiological saline solution ........ 
NS WO SINE OUUINE (6.5 does o's cm ne od ebew spn vcccsccees 
ae ERS oe RIUM 06's 1s ow: o's 9 0's '0 te: nis oes 6 W\0ib'w's s'\0'0i0 Koss 

Presentation and interpretation of data correlated with other researches 


i ie ee een Pe a oe ee ao ae his Wa Oo ob wip ewe 440 Wem sow be wbie owe ek ald 
EE ER RTS ee OE EET EE EES EE PEELE eee ee 
II RE Ca eta ac ie Do ad oh aah o Abe ot dls ip Wave eres lelela’ b wrwla ab wok we oe kite os 


OI rea eee als Sali Ce Be EN «ieee id bb bi6 7h oo wip bialedb 0 wlWiSS 68's 2.6 ewer lace 




















LIGHT, EYESTALK CHEMICAL, AND CERTAIN OTHER FACTORS AS 
REGULATORS OF COMMUNITY ACTIVITY FOR THE 


CRAYFISH, CAMBARUS VIRILIS HAGEN 


INTRODUCTION 


The research reported in this paper was undertaken 
mainly to determine what influences regulate the tim- 
ing of locomotion outside of niches as carried out 
by Cambarus virilis Hagen. Determination of the 
relation between locomotion and consequent environ- 
mental conditions as the latter differ inside and out- 
side of niches from day to night is of interest also. 

This investigation is concerned with determining 
the extent to which external and internal factors 
regulate the timing of locomotion. The influence of 
illumination is emphasized only because light was 
discovered to dominate the possible influences of nor- 
mal temperature changes, fluctuation of oxygen con- 
centration, and alterations in extent of alkalinity of 
the habitat medium. Light was also found to regulate 
the timing of a hormonal activity-inhibitor mechanism. 

One of the objects of this paper is to demonstrate 
the relation of a physiological mechanism to the daily 
activities of a common animal species, with especial 
regard to its community relations. 

It is held that animals are concealed from preda- 
tors through restricting their community movements 
to the period in which the feeding activities of their 
possible enemies are minimal (Borradaile 1923, pp. 87- 
88; Elton 1935, p. 83, Roberts 1942). Inasmuch as 
immobility upon an appropriate background, retreat 
under shelters, and creation of turbidity sereens are 
means of partial or complete concealment from at 
least some predators (Borradaile 1923, Cott 1940, 
Roberts 1942) they serve the same end as noctur- 
nalism for some erayfishes (Roberts 1942). 

The mechanism which carries out inhibition of 
muscular movement in crayfishes often depends upon 
inhibitory nerve fibers (Bethe 1897, Marmont & 
Wiersma 1938, Schallek 1942). The fact remains 
that in many instances nerve tendencies are deter- 
mined initially by chemical states (Loeb 1893, 1900, 
Welsh 1930b, Barnes 1937, pp. 338-339, Roberts 1941, 
1942, pp. 398-399, Hartman 1942). Chemical secre- 
tions should also be capable of decreasing locomotor 
intensity during the day by causing an increase in 
thigmotropie tendency or a decrease in metabolic rate 
or both when crayfishes are illuminated. 

A theory has been offered that a change in chemical 
state is not involved in bringing about locomotor in- 
hibition of Cambarus virilis, and the results of Kropp 
& Enzmann (1938) have been mentioned as a support 
of this theory (Schallek 1942). The weak points of 
such a theory and argument are covered in the pres- 
ent paper under presentation and interpretation of 
data on hormonal inhibition of locomotion correlated 


with other researches. Reasons explained in that see- 
tion make it clear that results of other workers could 
be compared with those of this research provided 
only that opportunities for thigmostimulation were 
made available in abundance as might be produced 
by provision of rocks in aquaria that contain experi- 
mental animals during periods of locomotor record- 
ing and provided only that valid data be considered. 
Data obtained through the use of recording levers 
are not highly reliable for determining quantitative 
differences among activity records except in those 
instanees in which great contrast exists between ree- 
ords taken for comparison, as when a record that 
shows absence of locomotion is compared with one 
that manifests considerable locomotion (Roberts 
1942). 


Application of statistics to determine the signifi- 
cance of the data is unnecessary since there is nearly 
a one hundred per cent agreement among the results 
of most experiments (Student 1925, Fisher 1925, 
Table 13). Less consistent results obtained through 
certain methods including injection of eye extracts 
are offered only as supports. to conclusions already 
drawn from the highly significant data. 
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REVIEW OF LITERATURE 


PHYSIOLOGICAL MECHANISMS THAT REGULATE THE 
TIMING OF CRUSTACEAN ACTIVITIES 


The first published account of color changes in 
crustaceans is said to have been made by Kroyer 
(1842) in reference to Hippolyte. Chromatophores 
were first described by Sars (1867) for the shrimp, 
Mysis. Pigment adaptation of compound eyes was 
first described by Exner (1889, 1891). A detailed 
account of pigment migration as it oceurs in com- 
pound eyes was first presented by Parker (1897). 
These researches are cited by Hanstrom (1939). 

Gamble & Keeble (1899, 1900) studied color 
changes of prawns (Hippolyte varians) that were 
kept in constant environmental conditions. They 
concluded that an endogenous factor was capable of 
regulation, contraction, and expansion of chromato- 
phores in synchronization with day and night, but 
that when animals were exposed to illumination, 
light exerted final control of chromatophoral state by 
dominating all other influences. 

Pouchet (1872) discovered that some crustaceans 
lose their ability to regulate contraction and expan- 
sion of chromatophores when their eyes are removed 
or when their eyes are covered with paint (Han- 
strom 1939). 

Keeble (1904) discovered that for Macromysis, 
Hippolyte, and Palaemon, light influences: (1) me- 
tabolism, (2) irritability, (3) orientation and prog- 
ress of movement, and (4) movement and state of 
chromatophores. “Light may stimulate the forma- 
tion of acid substance in the liver and muscles of 
-alaemon.” . In Macromysis and Palaemon .. . 
“light intensity, especially decreasing light intensity, 
produces an effect on the irritability of the animals, 
bringing about a strange restlessness. ... The heart 
beat and seaphognathite-stroke quicken at night.” 
Keeble observed in Macromysis that one type of 
chromatophore contracts or expands under the direct 
influence of light and that another type responds to 
light indirectly through mediation of the eyes. Re- 
sponse of chromatophores varies according to whether 
the background is light or dark. Whether tropistie 
reaction to light is positive or negative also depends 
upon whether background is light or dark. The 
chromatophores expand at night and contract dur- 
ing the day. Therefore, Keeble concluded that the 
eye mechanism assumes control, probably automati- 
cally and in aceord with the movement of retinal pig- 
ment. The eye mechanism promptly dominates the 
independent action of the chromatophores, that is, 
keeps the chromatophores contracted during the day 
and removes its influence at night. Keeble makes 
the following generalizations: (1) in Macromysis the 
chromatophore reaction is the same to pin-hole light 
as it is to strong light, the animals evidently being 
super-sensitive to light; (2) there is evidence that the 
total amount of illumination which strikes the ventral 
side of the eyes and the ratio of illumination on the 
ventral side of the eyes to that received by the re- 
maining area of the eyes are factors that determine 
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the extent to which these animals are active; (3) there 
is a close agreement between the phototropie reaction 
and the direction or state of pigment movement; and 
(4) whether or not influenced by an endogenous 
mechanism, activity of the chromatophores is, in final- 
ity, controlled by environmental influences. 

Menke (1911) found that the eutting of nerves to 
various parts of the body of the isopod, Idothea, did 
not influence the state of chromatophores, but he drew 
no significant conclusions. 

That hormones probably would be found to regulate 
the state of contraction and expansion of at least 
some types of pigment cells was suggested by Ben- 
nitt (1924). 

Koller (1925, 1927, 1929) investigated the mech- 
anism of chromatophoral control in the crab, Crangon, 
by cutting nerves to various parts of the body and 
so employed a metod introduced by Menke. He ree- 
ognized the significance of results and so proved that 
chromatophores of the crustaceans studied are not 
controlled directly by nerves. Koller was the first 
investigator to make blood transfusions in inverte- 
brates to test possible effects of hormones (Han- 
strom 1939). 

Perkins (1928) studied Palaemonetes vulgaris and 
made several discoveries: The chromatophore state 
is influenced indirectly by light through the eyes; 
nerves are not concerned in bringing about the state 
of the chromatophores; eye extract taken from a dark 
adapted animal temporarily produces the particular 
chromatophore state of that animal in an individual 
into which the extract is injected; eye extract pro- 
duces contraction of chromatophores only; and 
chromatophore movement and state are controlled by 
hormonal influence. 

Parker (1897) found that covering one eye of 
Palaemonetes did not influence movement or state of 
pigment cells in the other eye. He interpreted this 
result as an indication that behavior of these retinal 
cells was not under nervous control. This experiment 
was repeated and confirmed later by Castle (1927). 

That retinal pigment cell migrations might be con- 
trolled by substances carried in the blood and secreted 
by ineretory organs was suggested by Bennitt (1924). 

“Demoll (1910, 1911, 1917), Trojan (1913), and 
Bennitt (1924) believed, however, that there was 
nervous control of pigment-migration in compound 
eves. The fact that the histologists have not 
succeeded in finding any nerve-endings within the com- 
pound eye does not favor the view that the migration 
of the eye-pigments is regulated by the nervous sys- 
tem” (Hanstrém 1939, p. 126). Hanstrém is, of 
course, referring only to possible nerve connections 
between nervous system and pigment cells. 

Investigations by Bennitt (1929-1932a) proved that 
there is some effect of illumination of one eye on the 
position taken by pigments in the other covered eye 
of the same animal for certain crustaceans: Cam- 
barus, Cancer, Carcinides (Carcinus), Libinia, and 
Homarus. According to this discovery, it appeared 
possible that control of retinal pigment migration 
might be controlled either by hormones or nerves. 
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Welsh (1930) observed that under constant illumi- 
nation (100 watt lamp) the distal pigment cells in the 
eyes of certain Cuban shrimps (Macrobrachium olfer- 
sii and M. acanthurus) continue to show twenty-four 
hour rhythmie movements, migrating distally about 6 
P.M. and remaining in this position until about 5 
A.M. the following morning. “The normal move- 
ments of the distal pigment cells as well as their 
periodic movements under constant external condi- 
tions appear to be controlled directly by the blood 
and indirectly by the nervous system. The diurnal 
movements of the distal pigment cells parallel a 
change in activity of the animals.” 

Kleinholz (1934, 1936, 1942) showed that in 
Palaemonetes, hormonal influences are important in 
controlling migration of retinal pigments, but that 
light is eapable of controlling all other influences. 
There is endogenous persistence of rhythm in move- 
ment of pigment cells while animals remain in an 
environment in which conditions are constant. 

No attempt is made here to cover the literature 
that pertains to hormonal mechanisms that regulate 
activities of crustaceans. 

The mechanisms and principles involved in the con- 
trol of crustacean activities can be illustrated to the 
extent known by particular researches. It is of spe- 
cial interest to become acquainted with those investi- 
gations that were first to show these mechanisms and 
principles. It is towards this end that brief reviews 
of certain works are presented here. 

Detailed treatment of the functions of hormones in 
invertebrates, and an extensive review of relevant 
literature has been admirably summarized by Han- 
strom (1939). 

The researches mentioned in this section are some 
of the important landmarks of progress in analysis 
of physiological mechanisms that regulate protoplas- 
mic activities. These investigations provided a path 
that finally led to discoveries of hormonal functions 
that are carried out by eyestalks of crayfishes. Every 
new discovery in the field of investigation discussed 
has suggested possibilities of further glandular fune- 
tion of eyestalks. 

Investigators who pioneered in the field of electrical 
phenomena of crustacean nerves are mentioned by 
Prosser (1934). Probably, employment of the cathode- 
ray oscillograph should lead to additional evidences 
as to whether or not a locomotor inhibitor hormone 
functions in Cambarus virilis to regulate instinct as 
carried out by the central nervous system. The author 
is working towards this end. 


CONCERNING CRAYFISHES 
It has been shown that erayfishes, at least Cam- 
barus affinis Say, can learn locomotor behavior pat- 
terns in mazes (Yerkes & Huggins 1903), so it should 
not seem strange that nychthemeral locomotor 
rhythms can be acquired by related species (Roberts 
1936, 1941, and this paper). A number of erus- 


tacean species have been reported to move their body 
parts in accordance with changes in extent of illumi- 
nation. 





Lieut, EyestALK CHEMICAL, AND CERTAIN OTHER Factors 


For Cambarus affinis Say, the turning on and off 
of electric lights usually brought about movements 
of the animals. The reactions of these erayfishes to 
such light changes were quite variable, and evidently 
rather strictly dependent upon unknown immediate 
internal conditions (Dearborn 1900). Adult females 
were observed to hide themselves while at the same 
time their young were seattered about. Second instar 
crayfishes were observed to hide under dark glass but 
not under ordinary glass. In captivity Cambarus 
affinis deposited eggs at night with very few excep- 
tions. If the females were not given enough water 
to permit their submerging, oviposition invariably 
oecurred during light of day (Andrews 1895). Fe- 
males with eggs were observed digging holes and liv- 
ing in them so long as the water was well aerated, 
but leaving the holes when the water was not fresh 
(Andrews 1907). 


Individuals of Cambarus affinis were observed to be 
negatively phototropie in a proportion of 62 to 38, 
depending upon the intensity and extent to which 
light was diffused (Bell 1906). Different light in- 
tensities produced little variation in response. Evi- 
dently, the individuals were slightly more negative to 
bright light and to diffuse light, especially in ecom- 
parison with their reaction to direct weak light. The 
more sensitive the individuals were, judging by re- 
action time for the response, the more negative they 
were to light. Previous confinement in light tended 
to decrease the negative reaction of individuals to 
light and vice versa. Individuals did not respond to 
light in a consistent way evidently as a result of 
individual variation. Bell (1906) found that the 
higher the temperature, within certain limits, the 
greater was the tendency of individuals to be posi- 
tively phototropic. Geotropism of the animals usually 
changed also with changes in temperature. The cray- 
fishes were negatively barotactic, avoiding a pressure 
of more than twenty centimeters of water. This 
depth was sufficient to overcome their normal positive 
geotropie response. 


Chidester (1908) with the assistance of Hodge and 
Miller observed many individuals of Cambarus bar- 
tonius bartoni Fabr. both in the laboratory and at 
the shores of several ponds for periods of twenty- 
four hours duration. Chidester says: “I believe in 
the light of these observations that the crayfish in the 
still water aquarium behave normally.” He found 
this species to feed usually at night, but mentions 
that feeding may occur also during the day. His ob- 
servations show that the greatest activity of this 
species occurs at fall of darkness and at daybreak. 

Other crayfishes said to be principally nocturnal 
are: Cambarus diogenes Fax. (Girard 1852, Holder 
1886, ef., Harris 1903, Ortmann 1906), the “Euro- 
pean crayfish” (Chantran 1870, ef., Huxley 1880) ; 
Potamobius astacus (Astacus fluviatilis Rond.) (Hux- 
ley 1880); Cambarus ludovicianus Fax. (Hay 1896, 
ef., Harris 1903); Cambarus gracilis Bundy (Hay 
1896, cf., Harris 1903) ; Cambarus pilosus Hay (Har- 
ris 1903); Potamobius leniusculus Dana (Andrews 
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1907) ; Cambarus propinquus Gir. (Engle 1926) ; and 
Cambarus bartoni Fabr. (Newcombe 1929). 

Species of crayfishes noted to be active during the 
day, at least at times, are: Cambarus diogenes (Har- 
ris 1903, Ortmann 1906) and Cambarus bartonius 
bartoni (Chidester 1908). Activity of Cambarus 
propinquus has a marked positive relation to sun- 
light at all seasons according to Van Deventer (1935). 
He found a positive correlation between size of col- 
lections and intensity of daylight for P. propinquus 
especially during the winter. 

Herrick (1895) states that lobsters are active 
mostly during twilight and night, seldom moving 
about during the day, and that they are highly sen- 
sitive to very weak light. 

Bennitt, who experimented with Cambarus virilis 
(1932, 1932a), concludes that a rough correlation 
apparently exists between the position of the prox- 
imal pigment and the periods of light and darkness 
to which the animal is subjected in nature and that 
such a change is most likely to be brought about by 
a metabolic periodicity in the animal acting through 
the circulation. 

Professor F. A. Brown (direct communication) 
discovered that during the first few days that certain 
crayfishes—ineluding Cambarus blandingii acutis Gir. 
——are kept in continuous darkness, chromatophores 
of the animals continue to expand and contract in 
synchronization with the occurrence of day and night. 
This synchronization of movement with occurrence 
of day and night is gradually lost and is no longer 
apparent after crayfish individuals have remained in 
darkness for about six days. 

Knowledge of the rhythmie and temporary manner 
in which chromatophores behave in continuous dark- 
ness for certain crustaceans as discovered by Brown 
shows an analogy between this cellular phenomenon 
—proved to be under hormonal control—and a sim- 
ilar temporary retention of a locomotor rhythm as 
occurs in continuous darkness for certain crayfish 
(Roberts 1936, 1941, and the present paper). 

G. C. Pitts (ef., Schallek 1942, p. 164) has dis- 
covered in crayfishes a nychthemeral fluctuation in 
concentration of blood sugar. It is possible that the 
results of the research covered in this paper may 
prove to be linked with the daily fluctuation in con- 
centration of blood sugar, as discovered by Pitts. 

An eyestalk extract of Palaemonetes contains a 
substance that promotes growth in some organisms 
(Kropp & Crozier 1934, Navez & Kropp 1934 ef., 
Hanstrom 1939). The growth activation substance 
is not identical with the chromatophorie hormone. 


GENERAL LITERATURE 

Investigation into the causes of nychthemeral 
rhythmicity in activities started approximately in the 
year 1899-1900 with the discovery by Keeble and 
Gamble that chromatophores of Hippolyte continue 
to contract and expand in accord with occurrence of 
day and night while individuals of this prawn are 
retained in continuous darkness. At about the same 
time, Bohn (1903-09, ef., Holmes 1911, p. 162) 
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discovered the same phenomenon to oceur for several 
species of animals including Convoluta, diatoms, Lit- 
torina, and actinians. “Bohn has the merit of having 
discovered that the rhythms of activity which are 
produced in many animals by regularly reeurring 
conditions such as the alternation of day and night 
and the periods of low and high tide may persist for 
some time after animals are withdrawn from the 
direct influence of the outer periodic changes” 
(Holmes 1911, p. 155). Bohn observed that some 
activity rhythms occurred somewhat more rapidly 
for certain animals while kept in continuous dark- 
and constant moisture conditions than what 
oecurred for the same species when allowed to re- 
main in their natural environments. To this type of 
action, he applied the expression, anticipatory be- 
havior (Parker 1919, p. 61). Bohn also introduced 
the term nychthemeral for which no synonym exists 
in the English language. Nychthemeral is an ad- 
jective that applies to a period which consists of a 
night plus a consecutive daylight period. The term, 
nychthemere, is equivalent to the expression, “day- 
night eyele.” 

Endogenous activity rhythms have been observed 
to oceur under constant environmental conditions for 
a number of animals besides those studied by Bohn, 
Gamble, and Keeble. Other animals that have mani- 
fested endogenous activity rhythms are: copepods, 
rats, Cotinis, several species of beetles and grass- 
hoppers, two species of crickets, a holothurian, a 
millipede, several species of fishes, a species of toad, 
a species of lizard, and two species of bats (ef., 
Park 1940, p. 513). It is not certain for most in- 
stances in which these animals were kept in con- 
tinuous “darkness” that cabinets were perfectly 
light-tight and that a trace of light did not enter 
cabinets during the day. A pin-hole trace of light 
is sufficient to regulate chromatophoral contraction 
and expansion to the maximum extent for Macromy- 
sis (Keeble 1904). That a minute trace of light 
during the day may be sufficient influence to syn- 
chronize locomotor and feeding activities of cray- 
fishes and other arthropods with natural occurrence 
of day and night is not improbable. Periodic oceur- 
rence of activity under constant conditions has per- 
sisted for some species for only a few days; for 
others endogenous rhythmicity endured under “con- 
stant conditions” for longer periods—-for as long as 
eighteen months in Peromomyseus (ef., Park 1940). 
Whether such rhythmicity would continue indefinitely 
while intensities of environmental factors remain 
constant is not known. Nor, is it known whether 
foree feeding or sugar injections would prevent the 
breaking of activity rhythms in starving animals 
which have thus far failed to retain activity rhythms 
in environments in which influences are held constant. 


FACTORS THAT MIGHT REGULATE TIMING 
OF CRAYFISH ACTIVITIES 
EXOGENETIC INFLUENCES 

Light.—The faets that diffuse and direct light and 
ventrally and dorsa!ly dirceted illumination may in- 


ness 





























October, 1944 


fluence crustaceans in different ways have been dem- 
onstrated (Keeble 1904, Bell 1906, Brown 1939). 
Other evidences that light might regulate timing of 
crayfish activities have been given earlier in this 
section. 

Temperature fluctuation —Temperature has been 


considered an influence likely to be important in 
regulating activities of many animals. Polimanti 


(1911) considered temperature to be the influence of 
next importance to light in controlling activities of 
many marine animals. Allard (1931) found temper- 
ature to be one of the factors that takes part in 
regulating activity of the fire-fly, Photinus pyralis. 
Temperature has been regarded as of patricular im- 
portance in bringing about nocturnalism of some 
desert animals as a protection against heat (Elton 
1935, Pearse 1939, pp. 425-427), and diurnalism of 
others has been considered to be a means of protec- 
tion from cold at night (Borradaile 1923, p. 299, 
Pearse 1939, p. 426). 

Important literature on the direct effects of low 
and high temperatures on physiological activities has 
been reviewed by Shelford (1929). Temperature is 
shown to influence rate of standard metabolism as 
determined by CO: production and O2 consumption 
for dogs, frogs, snakes, goldfish, gnats, chrysalids 
of a moth, Tenebrio, and eggs of Acilius (Krogh 
1916, ef., Shelford 1929). “Our chief conclusion is 
that for rates of activity within medial temperatures 
only (about 15° to 30° C.), the time-temperature 
curve for definite amounts of work conforms nearly 
enough to the equilateral hyperbola to make it useful 
in temperature work, and the rates fall nearly enough 
to a straight line to make the straight-line portion 
of great value to climatology. These facts do not 
accord with the Qw as a constant or with Arrhenius’ 
formula” (Shelford 1929, p. 180). Normal life aetiv- 
ity rates have been found to correlate in direct pro- 
portion to increase in temperature. This type of 
relationship has been shown to exist for: chirping 


rates of tree crickets (Shull 1907), locomotor rates 
of ants, Amoeba, millipedes, and slugs (Shapley 


1920, Pantin 1923, Crozier 1924, Crozier & Pilz 
1924), and rates of breathing movements in insects 
(Crozier & Stier 1925) (ef., Shelford 1929). 

The responses of the heart of Potamobius to an 
increase in temperature measured in the exposed 
ventricle by the suspension method differ strikingly 
from those in most cold-blooded animals. As a rule, 
an increase of 6° in temperature produces an in- 
crease in the rate of the heart beat which follows 
the R. G. T. law (Qw = 1.1 — 2.7) only as far as 
23° C. in a range of 20° — 28° C. Increase in tem- 
perature above 23° results in a decrease in rate. The 
usual effect of lowered temperature upon raté is also 
reversed, the rate increasing steadily as temperature 
is lowered from 18° to 5° C. At times, progressive 
inerease in temperature produces repeated reversals 
of rate; on the other hand, the rate is sometimes 
entirely unaffected by great changes in temperature. 
This apparent paradox is not irreconcilable with the 
R. G. T. law (Potonie 1926). 
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Body temperatures are determined mostly by en- 


vironmental temperatures of night and day for 
poikilothermal animals, and there is evidence that 
their rates of locomotion and other activities are 
governed largely by direct influence of temperature 
(Uvarov 1928). The significance of this temperature 
activity relationship applies to those cold-blooded 
animals which are active to some extent during both 
day and night. Temperature is also an important 
influence for animals that tend to be quiescent be- 
low and above threshold temperatures as indicated 
by Chapman (1923, 1926), Elton (1935), and Pearse 
(1939). Internal temperatures of homeotherms are 
greatest during the period of greatest activity (Simp- 
son & Galbraith 1905, Wetmore 1921, ef., Park 1940). 
This is probably a direct result of activity in part 
as is presumed to be the case for locusts (Uvarov 
1928). If temperature rhythms remain after being 
first induced through environmental influence, they 
would assist in bringing about greatest activity in 
the appropriate time-community. 

For crayfish habitats during the growing season, 
temperature changes quantitatively. This extent of 
fluctuation is not similar to that covered by light. 
Naturally, temperatures approaching absolute zero do 
not oceur for animals so that the problem of whether 
temperature is present or absent does not arise. 
Whereas, light comes and then practically disappears 
periodically, temperature remains during both day 
and night. Cambarus virilis oceurs in rapidly flow- 
ing streams and deep lakes; and in large or deep 
lakes and rapidly flowing streams, nychthemeral 
fluctuations in temperature are not great (Carpenter 
1928, Fig. 34). 

If it were discovered that light is sufficiently pow- 
erful in its influence to dominate possible influences 
of ordinary temperature changes, then temperature 
would cease to be an important factor in controlling 
timing of activity, yet would remain as an influence 
that might augment or partly check the influence of 
light upon intensity or rate of actions. 

For animals, especially poikilotherms, ordinary 
day-night temperatures do not aet upon the sensitiv- 
ity of protoplasm or sensitivity of nerve organs. 
This can happen only when there are nerve endings 
that are sensitive to temperature. Even then, temper- 
ature can be sensed only when temperature changes 
occur rapidly and when temperature extremes are 
relatively great especially in contrast to those already 
experienced or different enough from body temper- 
ature to permit sensations of heat and cold. There- 
fore, the only way ordinary temperatures can influ- 
ence a crayfish is to regulate metabolism by first con- 
trolling the inner temperature of a erayfish’s body. 
Thus, temperature, an exogenous environmental fae- 
tor, exerts its influence as an internal factor. It has 
been shown that temperature changes influence ver- 
tical migration and habitat selection for the crayfish, 
Cambarus affinis (Bell 1906). 

Fluctuation in oxygen concentration of aquatic 
habitats—Available evidence indicates that concen- 
trations of dissolved oxygen do not fluctuate to a 
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great extent from day to night in rivers and lakes 
(Butcher et al. 1927, ef., Carpenter 1928, Fig. 34). 
Cambarus virilis does not occur in ponds nor in very 
shallow lakes or base level streams. It occurs in large 
lakes (Creaser 1934) and streams characterized by 
an apparent flow of water (Harris 1903, Shelford 
1914). 

Inasmuch as day-night variations in temperature 
are usually not great in bodies of water inhabited 
by Cambarus virilis, this species of crayfish is prob- 
ably not ordinarily subjected to considerable fluctua- 
tions of oxygen concentrations in its external en- 
vironment. Possible exceptions might occur where 
plants are very abundant in minimal amounts of 
water. 

When oxygen concentration is low, individuals of 
Cambarus virilis usually turn on one side and project 
one gill chamber just above the water surface. Air 
is drawn into a gill chamber and makes characteristic 
sounds by the breaking of bubbles as it leaves the 
chamber. This type of behavior appears to be an 
adjustment for the securing of oxygen. Virilis cray- 
fishes have been kept in the laboratory for many 
weeks in a compartment that permitted only the low- 
ermost portion of the crayfishes to remain in water. 
Apparently, they can live indefinitely in air so long 
as their gills remain moist. 

The fact that erayfishes rarely project their gills 
just above the water surface under natural conditions 
or when kept in running water aquaria (1°-20° C.) 
indicates that oxygen concentration in natural bodies 
of water and running water aquaria remain above the 
oxygen requirements of these animals during both day 
and night. It is believed that as long as oxygen con- 
centration is above that required for normal activity, 
fluctuation in its concentration has no significant in- 
fluence upon extent of locomotor activity. 

Among research results concerning the influences 
of oxygen concentrations on crayfish activities, the 
following are important: Fox & Johnson (1933), 
Segaar (1935), Jordan & Guittart (1938), Helff 
(1927), and Hiestand (1931). 


Fluctuation in pH.—Daily fluctuation in pH is not 
great according to available research data. However, 
data on this point are very limited, and the extent of 
variation in pH of crayfish habitats is practically un- 
known (Carpenter 1928, Fig. 34). 

Barometric pressure—Fluctuations in barometric 
pressure may influence activity of crayfishes. How- 
ever, such fluctuations have no constant periodicity, 
and effect of increases and decreases in barometric 
pressure would be distributed equally through day 
and night for averages of many records. 


Ecdysis—Moulting occurred during day or night. 
It was carried out through slow withdrawal from 
the exo-skeleton over a period of several minutes. 
Final escape of the animal from its former en- 
closure was brought about by a number of vigor- 
ous jerks of the abdomen. The crayfishes remained 
quite inactive in their shelters during the first twenty- 
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four hours following ecdysis, and the normal extent 
of locomotion did not return until two or three days 
following ecdysis. 

Mating.—Locomotion is inhibited while copulation 
takes place. Mating may last for a period of several 
hours to about a day and a half. Males and females 
were kept separate while activity was being auto- 
matically recorded. 

Vibrations.—It is possible that the closing of doors 
and passing of heavy vehicles close to experimental 
laboratories might bring about errors in results. 
However, no periodic occurrences of vibrations were 
apparent. 

Possibility of crayfishes being stimulated by the 
investigator as experiments were started—To elim- 
inate a possible periodic influence upon activity as a 
result of stimulating crayfishes as activity recordings 
were started, the apparatus was adjusted to indi- 
vidual crayfish at various times of the day and night 
at a different time on consecutive “days.” Automatic 
recording of activity did not start until twenty-four 
or more hours after crayfishes were transferred to 
new conditions of illumination or temperature. The 
tendency of crayfishes to react to a change of light 
intensity as much as several minutes or more after 
the actual change made it especially desirable to con- 
dition the animals for a time before their activity 
was recorded. 


It appears possible that behavior of some animals 
resembles motion of wheels or falling bodies. Some 
animals tend to move for a while if movement is once 
started and tend to remain motionless if movement is 
stopped. In other words, animals may tend to re- 
main in the physiological state they are already ex- 
periencing, thus calling to mind the physical law of 
inertia. Crayfishes are sometimes found to be in a 
state of muscular rigidity while at rest, especially 
during the day. 


Keeble (1904) says of Mysis that “The stimulus 
of a foothold may disturb or inhibit a reaction which 
light tends to eall forth. Light which would cause 
a roving Mysis to flee may be impotent to make it 
budge from an anchorage of weed.” That such an 
influence might affect the time at which activity 
occurs is reduced to a possibility of insignificance by 
the fact that experiments were started at various 
hours of day and night. 


Rate of evaporation——A small portion of a group 
of ten to thirty crayfishes were often observed to 
leave the water at night and climb as high as pos- 
sible on sereens or rocks in a large stock aquarium 
(1% feet wide by 6 feet long). This tendency ap- 
peared to be as great at 14° C. as at 20° C., although 
it was rarely observed when water temperature was 
below 13° C. It is possible that, the crayfish mind is 
at a conscious or psychological level. One should 
expect to find animals above a certain psychological 
level to behave differently in enclosed simulations of 
natural environments than in open natural environ- 
ments, and such animals may show an escape tend- 
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ency. It cannot be determined at present whether 
this suggestion may explain the crayfishes’ tendency 
to leave the aquarium water especially in the early 
morning hours in the absence of artificial illumination. 

Temperature of the air, relative humidity, and wind 
might be such as either to permit or inhibit the ex- 
pression of the terrestrial tendency, and barometric 
pressure might influence vertical migration of ani- 
mals :while’ they are under water (Bell 1906) and 
possibly while they are on land. 

Humidity has been discovered to influence activity 
of animals that have delicate skins. Literature that 
treats this subject has been reviewed by Shelford 
(1913, 1929), Chapman (1926), Elton (1935), and 
Crawford (1934). Shelford (1913, 1914, ef., 1929) 
demonstrated rate of exaporation to be important in 
regulating activity of several terrestrial animals. 
Crayfish gills may be comparable with soft skins of 
other animals. 

Vertical migration brings about a changed environ- 
ment for animals that are characterized by this type 
of behavior. This type of migration also results in 
a change in the constituency of stratal divisions 
(socies) of communities. 

Environmental drives—No condition of the envi- 
ronment such as constant darkness or light caused 
crayfishes to be active continuously as has been re- 
ported to occur for Paracoblatta (Park & Keller 
1932). 

Thigmotropism.—Crayfishes are evidently posi- 
tively thigmotropie in strong light and indifferent or 
only very slightly thigmotropie while in the dark. 
This tendency to be postively thigmotropic is at least 
indirectly dependent upon light conditions. Bell 
(1906) stated that . . . “Cambarus affinis is strongly 
postively thigmotropic—varying with the time of 
day.” It has not been observed that thigmotropie 
tendency varies in relation to any environmental fac- 
tor except light. 


INTERNAL INFLUENCES 

Endogenous mechanisms might regulate occurrences 
or influence intensity of locomotor and feeding activ- 
ities. Occurrence of fatigue is a possibility. Endo- 
genetic control of activity might be carried out by 
hormones, or directly by the nervous system. If 
regulated by ineretory organs, hormones might be 
released independently of nervous control, or they 
might depend upon the nervous system for their 
activation. Activity might be controlled in part by 
secretions liberated by nerves. 

Hunger.—Researches on hunger rhythms suggest 
that physiological changes which result as a con- 
sequence of need for food may be important in 
regulating the time adopted for locomotion and 
consequent securement of food. The phenomenon of 
hunger as an influence upon activity is commonly 
observed among pets, captive and domestic animals, 
and is realized in human experience. 

Endogenous feeding rhythms have been noted for 
rats (Richter 1927) and mice (Elton, Ford & Baker 
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1931, Davis 1933). Feeding rhythms have been ex- 
perimentally induced in wasps, ants, and termites, 
and some researches have been successful in inducing 
and modifying endogenous feeding rhythms in bees 
(Grabensberger 1934, 1934a, Kalmus 1934, Kleber 
1935; see Beling 1929, also ef., Park 1940). The 
alimentary system periodically secretes certain sub- 
stances in Potamobius leptodactylus (Hirsch 1928, 
Hirsch & Jacobs 1928). 


Hormonal influences.—Kalmus (1938) presented re- 
productions of activity records made by Potamobius 
(Astacus) during experiments in which eyestalks 
were removed and eyestalk extract injected several 
days afterwards. Kalmus does not describe the sig- 
nificance of increase in locomotion following removal 
of eyestalks. The length of time that animals were 
subjected to strong illumination previous to removal 
of eyestalks was not made clear. It was not shown 
whether increase in locomotion was a direct conse- 
quence of decrease in light stimulation (as animals 
were “put in darkness” as eyes were removed) or a 
consequence of removal of an organ that inhibited 
locomotion. Individuals of the genus, Potamobius, 
were not fed or kept under conditions sufficiently 
natural to permit retention of high vitality. The 
author has found that when eyestalks are removed 
from individuals of Cambarus virilis, vitality (as 
evidenced by reduced locomotion) often is greatly 
reduced after several days following removal of eye- 
stalks, and animals are likely to die within a few 
days unless food and running water are provided. 
Animals remain active when both food and running 
water (1°-20° C.) are provided. One specimen was 
continuously active for nine weeks following removal 
of eyestalks. 


The writer found that when animals are very in- 
active, injection of either salt solution or eyestalk 
extract resulted in increased activity in many experi- 
ments; this increase might last for a matter of sec- 
onds to a number of minutes. However, merely 
lifting quiescent animals up and returning them to 
their aquaria had the same influence in a number of 
instances. 


Kalmus did not derive averages of activity records, 
and activity record marks of “Astacus” were not con- 
verted into numerical values. Nor, were activity 
records obtained tested by many repetitions. Kalmus 
disregarded the fact that his erayfishes increased 
their locomotion for a time following removal of eye- 
stalks. He drew conclusions only from the fact that 
after a while, his eyestalkless crayfishes (which 
showed activity that was less than normal) increased 
activity when irritated by injection of extract. His 
crayfishes were probably starved and fatigued inas- 
much as evidences indicate that metabolic require- 
ments of crayfishes inerease after eyestalk removal. 
Results are likely to be worthless unless experimental 
eyeless crayfishes are kept well fed and in well 
aerated water. Therefore, the researches of Kalmus 
on influence of eyestalk removal and injection of 
eyestalk extract are of questionable value. 
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HoRMONAL INFLUENCE ON MOULTING AND 
Metasouic RATE 


It has been found that intervals between moults 
are decreased by a number of weeks or months when 
eyestalks are removed from decapods (Smith 1940, 
Megusar 1912, Kleinholz & Bourquin 194la). It has 
been suggested that this effect is a result of removal 
of an organ that normally checks metabolic rate 
(Menke 1911, Plankemann 1935, ef., Hanstrom 
1939). Plankemann holds that the moulting rhythm 
is probably controlled by carbohydrate metabolism 
and is caused by hormones. His evidence was that 
moulting rate is retarded when crabs (Crangon, 
Leander) are kept in water having concentration of 
ealeium higher than normal. 

The theory that eyestalks retard moulting by lib- 
eration of a hormone is regarded as sound by Han- 
strom (1939, pp. 113-114). It is reasonable that if an 
eyestalk hormone regulates moulting, it ean be only 
through inhibition of a factor indirectly necessary 
for moulting. Nothing liberated by the eyestalks is 
required for the moulting act, since moulting is 
sometimes successful at least once following removal 
of eyestalks according to the writer’s observations. 
If eyestalk hormone inhibits the behavior involved in 
shedding, such behavior (that is, muscular contrac- 
tions that carry out the moulting act) should follow 
soon after removal of eyestalks. Attempts to moult 
do not occur until a new and larger epidermis has 
formed and secreted a new layer of chitin beneath 
the old exo-skeleton. It is reasonable therefore that 
an eyestalk ineretory organ inhibits moulting indi- 
rectly by inhibiting a preparation for moulting that 
would involve cellular division and growth. Growth 
is so clearly a phenomenon of metabolism that eye- 
stalk hormone may be regarded as probably inhibiting 
metabolic rate. As a consequence, it would be ex- 
pected that eyestalk hormone should cause a reduction 
of locomotion along with other activities in which 
metabolism is involved. 


CoMPLEX INFLUENCES 


Several investigations indicate that temperature as 
well as light and combinations of various influences 
may act together in regulation of animal behavior 
(Polimanti 1911, Chapman 1923, 1926, Park et al. 
1931, Loeb 1893, Allard 1931, Elton, Ford & Baker 
1931, Lutz 1931, Powers 1941, ef., Roberts 1942, pp. 
398-399). 


THE CRAYFISH AS A COMMUNITY 
MEMBER 


CoMMUNITY CONSTITUENTS 


Cambarus virilis Hagen is a component of stream 
and lake communities in temperate North America 
east of the Rocky Mountains (Shelford 1937, pp. 85, 
90, 121, 126, 135, Harris 1903). It is one of the 
species that characterizes rapids communities. In the 
rapids region, this species of crayfish lives under and 
among stones (Shelford 1914, p. 295, 1937, p. 116) 
and is associated with a number of animals that live 
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on stones. The most important of these species are 
Goniobasis, caddis-fly larvae, Hydropsyche, and larvae 
of black flies, Simulium. Certain may-fly larvae, 
Heptageninae, damsel-fly larvae, Argia, larvae of 
beetles, Psephenus, stone flues, Perla, and dobson 
flies, Corydalis, live under the stones. Practically 
the only species of animals besides crayfishes that 
live among the stones in the rapids are the several 
species of darter fishes, Etheostomidae, hog suckers, 
may-fly nymphs, Chirotenetes, horse-fly larvae, Ta- 
banus, and larvaé of midges, Chironomus (Shelford 
1914, pp. 295, 296, 1937, pp. 95-99, 116, 295). The 
alga, Cladophora, is generally prevalent on the sur- 
faces of the stones. 


The virilis crayfish is commonly a component of 
stream communities outside of the rapids regions on 
bottom materials that are coarser than silt (Shelford 
1937, pp. 90, 121). Fishes that occur in streams 
especially in semi-swift waters over sand and gravel 
bottoms of semi-pools are the small-mouthed black 
bass, yellow perch, the rock bass, certain sunfishes 
Helioperca incisor (Lepomis pallidus) and L. mega- 
lotis and about seven or more species of minnows 
(Shelford 1937, pp. 99, 109, 119). The writer has 
collected many specimens of Cambarus virilis from 
the Des Plaines River near Des Plaines, [linois dur- 
ing the springs and summers of 1935 and 1936. At 
this point of the Des Plaines River the current is 
often negligible by late summer. 


Cambarus virilis is usually present in pool com- 
munities of intermittent streams during most seasons 
of the year. Water striders (Gerridae), back-swim- 
mers (Notonectidae), and water boatmen (Corixidae) 
are typically common. Certain dragon-fly nymphs 
(Aeshna and Cordulegaster), and dytiscid beetles 
oceur occasionally (Shelford 1937, p. 90). Philotria 
is the most conspicuous plant to be observed by the 
writer. 


Cambarus virilis has been taken from great depths 
in large lakes (Creaser 1934). Rock and gravel areas 
of large lakes have faunas similar to those described 
for streams (Clements & Shelford 1939). However, 
large lakes are also characterized by the presence of 
the large-mouthed black bass, lake sturgeon, sheeps- 
head, white fish, burbot, lake trout, and the cisco 
(Clements & Shelford 1939, pp. 306-307, Shelford 
1937, p. 85). The only definite relations that these 
organisms have to Cambarus virilis are mentioned in 
connection with “Enemies of Crayfishes” under a 
separate heading. 


Prevalent algae of lakes are Chara and Nitella. 
Common seed plants are eel-grass (Vallisneria), 
water milfoil (Myriophyllum), water crowfoot (Ran- 
unculus), and Philotria or Elodea. At least the last 
mentioned plant probably constitutes one of the foods 
of Cambarus virilis. The virilis crayfish has been ob- 
served by the writer to eat this weed while kept in 
aquaria; it also eats live snails in aquaria (Blaufus 
1936). 
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COACTIONS 

Cambarus virilis competes with the hog-sucker and 
several species of darters (especially with Etheostoma 
zonale, E. flabellare, and E. coeruleum; often with 
Boleostoma nigrum and Hadropeterus aspro) for 
space on the bottoms of streams in rapids areas 
(Shelford 1914, 1937, p. 95, Clements & Shelford 
1939, p. 309). Such competition should be especially 
pronounced where stones limit the amount of suitable 
habitat space. 

The invertebrates which are lodged upon or in 
algae must move to new places if they are to escape 
being eaten by ecrayfishes as the latter consume the 
algae. In moving about, these invertebrates are ex- 
posed to such predators as the darters in the rapids 
and the larger fishes in the semi-pools. 

When individuals of Cambarus virilis are exposed 
to daylight during the bright part of the day, they 
move such objects as stones in the process of crouch- 
ing under them, and on soft bottom materials, they 
move sediment so as to form pits into which they 
settle. In so doing, at least a portion of the insect 
larvae which is under such objects as stones is likely 
to be washed away by the water current. 


Foop OF THE CRAYFISH, CAMBARUS VIRILIS 
HAGEN 

Regardless of the fact that a variety of small ani- 
mal species are present in communities inhabited by 
crayfishes, little evidence is available that any species 
of erayfishes are predaceous (Harris 1903, Van 
Deventer 1937). This is not astonishing sinee it 
can be readily observed that erayfishes rely partly 
upon the trial and error method in grasping small 
objects from the aquarium floor, a method which 
would be ineffective in the capture of many animals. 
Fishes can move much more rapidly than do eray- 
fishes and should be able to escape from possible 
attacks. 

In the laboratory, individuals of Cambarus virilis 
eat the alga, Elodea, a plant that ordinarily occurs in 
the natural stream and lake habitats of this species. 
When kept in aquaria, the virilis crayfish also eats 
dead crustaceans such as crayfish and shrimp during 
the period that the meat is fresh. Dried shrimp is 
also acceptable. Crayfishes rarely eat more than 
abdominal muscles of dead individuals of their own 
species regardless of how long this type of food re- 
mains in aquaria. Individuals of Cambarus virilis 
did not eat fresh chicken meat when it was provided. 
Tadpoles, annelids, and minnows left in aquaria with 
Cambarus virilis and Cambarus blandingii remained 
uninjured during an observation period of eight 
weeks. Cambarus virilis eats seeds more readily than 
any other type of food that has been offered. Oat- 
meal is preferred to other types of seeds. Corn is 
commonly taken, and raisins are eaten at times. Seeds 
as small as canary “bird seed” that are left in aquaria 
usually remain uneaten until they sprout. It is evi- 
dent that terrestrial communities contribute directly 
to the food of these members of aquatic communities. 
Nothing but plant tissues and mud have ever been 
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found in stomachs of Cambarus virilis. The author 
has examined one hundred stomachs of this species 
and preserved the contents of the stomachs of many 
individuals. Almost all stomachs examined contained 
some plant tissues. Soft dark material, muddy in 
appearance, was present when no plant tissues were 
discernible. Virilis erayfish (Blaufus 
1936). 

It is of interest that although erayfishes are so far 
as is known not predaceous in the proper sense of 
the term, they are cannibalistic at times. Individuals 
of Cambarus virilis have been observed by the author 
to attack their own kind only when plant food is not 
available. When well-fed male crayfishes come close 
to other males especially as they proceed in opposite 
directions, they often interlock their own chelae with 
the chelae of opponents. Usually, both withdraw 
from each other and proceed in their original courses 
of locomotion without ever closing their pincers upon 
one another. This behavior is reminiscent of the 
actions of ants as they pass each other on their trails. 
When male crayfishes encounter females in labora- 
tory aquaria, mating may occur during any season of 
the year. The author has no records of females hav- 
ing been killed by males. 

One of the most worthwhile conclusions to be 
drawn from these considerations of feeding tenden- 
cies of crayfishes is that chelipeds have become rela- 
tively large as an adaptation for defense, not as an 
adaptation for procurement of food. Male ecrayfishes 
employ chelipeds to hold females during copulation. 
The spiny lobsters (Palinuridae) do not possess cheli- 
peds. It is probable that these lobsters have a device 
or devices that serve as a defense mechanism suffi- 
ciently efficient to take the place of large chelipeds. 
It is probably not mere chance that accounts for the 
extreme spinescence of the spiny lobsters. Spines- 
cence and possession of—with ability to use—cheli- 
peds are probably ecological equivalents. 


eat snails 


ENEMIES OF CRAYFISHES 

Crayfishes are preyed upon by fishes, frogs, turtles, 
birds, raccoons, otters and humans. 

Cambarus virilis comprises about 14. per cent of 
the food of perch (Forbes 1880, p. 30). Crayfishes 
(species undetermined) are preyed upon by several 
other species of fishes: rock bass, 16.1 per cent 
(Pearse 1918), warmouth bass (MeCormick 1940), 
large-mouthed black bass, small-mouthed black bass, 
blue spotted sunfish, and the common sunfish (Forbes 
1880, pp. 40, 42, 44). It is reasonable that all of these 
species of fishes feed upon Cambarus virilis to some 
extent as all of them occur in streams and lakes 
along with this crustacean. 

The writer has found remains of erayfishes (evi- 
dently Cambarus clarkii) in the stomachs of many 
frogs taken in Louisiana. 

Cambarus virilis is eaten by the snapping turtle 
(Pearse 1909) and by many species of birds (written 
communication, A. C. Martin, Maryland Food Habits 
Laboratory, U. 8. Dept. of the Interior, Fish & Wild- 
life Service, January 31, 1942); for the following 
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groups of numbers the first figures refer to the num- 
bers of predators examined, and the second figures 
designate the numbers of Cambarus virilis individuals 
found in each stomach (a question mark indicates 
that the species virilis is questioned): horned grebe 
1-5; great blue heron’ 7-11-(1?); 2-2, 1-3, 1-4, 1-8, 
1-9; black crowned night heron 1-2, 1-5?; American 
bittern 1-23; common mallard 3-1, 1-6; lesser scaup 
duck 1-1, 1-1?; American goldeneye 6-1, 1-2, 1-3; 
bufflehead 3-1; white winged secoter 1-1, 1-3, 1-9; 
hooded merganser 1-15; American merganser 6-1, 2-5, 
1-10; broad winged hawk 1-1; black bellied plover 
1-9; willet 1-1; belted kingfisher 1-2. Crayfishes also 
comprises a portion of the food of the barred owl 
(Eaton 1910, 1914). Some of these species of birds 
feed during the day, and others feed at night or dur- 
ing both day and night (Eaton 1910, 1914). 

Raccoons are known to prey upon erayfishes (Shel- 
ford 1937, p. 90). Fishermen use traps to cateh 
crayfishes but also obtain them with seines. Crayfishes 
are seined both at night and during the day. In 
Europe, it has long been a practice to catch cray- 
fishes after first attracting them to definite areas by 
artificial lights (Huxley 1880). 


REACTIONS 


Deep semi-pools that cover sediment and contain 
large crayfishes are constantly turbid even though 
carp and suckers are absent. However, the surface 
layer of water may be clear, as was observed by the 
writer for the Crystal Lake Park Drainage Ditch, 
Urbana, Illinois. Evidently, movements of ecrayfishes 
are at least partly responsible for the turbidity of 
such water inasmuch as they are among the largest 
and most numerous animals on the bottoms of such 
areas. During the day, all of the large Cambarus 
virilis remain in the deeper pools and cannot be seen. 
Even though only a small portion of them may tend 
to move about during the day, such motion as might 
oceur for a few individuals is obviously sufficient to 
create a turbidity screen for whole groups. Creation 
of turbidity, nocturnalism, and construction of shel- 
ters are ecological equivalents (Roberts 1942). 

This research does not cover the behavior of eray- 
fishes in shallow, clear water rapids. It would be 
next to impossible to reproduce such a habitat in the 
laboratory, and animals that live in rapidly flowing 
water where ripples are abundant cannot be observed 
directly. No instrument has been made which could 
record the movements of crayfishes in a rapids habitat. 
A special study of the timing of locomotion as ear- 
ried out by ecrayfishes in such a habitat is not of 
much interest in connection with the present problem 
since Cambarus virilis has few enemies that live in 
shallow clear water rapids, and inasmuch as ripples 
and reflections prevent crayfishes from being seen by 
enemies that live outside of streams. The definite 
ways in which Cambarus virilis reacts to light when 
subjected to the conditions held for the investigations 
covered by this paper infer that the periodic oceur- 
rence of community activity of this species of crayfish 
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would be similar in rapids to that held for the habi- 
tats studied. 


FEASIBILITY OF DirEcT OBSERVATION 


When possible, it is desirable that animals be ob- 
served continuously through twenty-four hour periods 
while they are in their natural environment. The 
continuous observation method was employed by 
Chidester (1908) to study Cambarus bartonius Fabr. 
Chidester concluded that crayfishes in indoor aquaria 
behave the same as they do in their natural outdoor 
environment. Nocturnal aquatic animals cannot be 
observed directly at night unless they are illuminated 
by artificial light and this method brings in an un- 
natural factor that may influence activity in an ad- 
verse manner. 

The author made trips to the Saline Drainage 
Ditch at Crystal Lake Park Urbana, Iilinois during 
every month except November, December, January, 
and February. The stream was observed and col- 
lections were attempted occasionally from March 
eighth through the spring, summer, and fall. The 
latest seasonal observation and collection was made 
on November seventh when but one small individual 
of Cambarus virilis was obtained. A seine was em- 
ployed to catch the animals. Large ecrayfishes were 
obtainable the first week in March, and the number 
of large individuals obtained reached a peak during 
May and June. 

As soon as the water current of the stream became 
negligible in late summer, the water lost most of its 
turbidity, and at the same time the larger individuals 
of Cambarus virilis disappeared. It is probable that 
during the summer mature individuals of this species 
either migrate upstream to swifter water or down- 
stream to larger bodies of water. Cambarus virilis 
is not known to burrow in mud or gravel. Only a 
portion of the large erayfishes must die for there 
is a reappearance of large individuals in the spring— 
a fact which remains unexplained. 

At all times except when the virilis crayfish was 
absent or represented by only rare individuals, the 
water of the natural habitat was too turbid to permit 
observation to any considerable depth during the day, 
and a flashlight was useless at night. Ripples and 
reflections of the sky during the day add to the diffi- 
culty of seeing through the water of streams over 
considerable areas at any one time. 

The writer believes that direct observation of Cam- 
barus virilis in its natural habitat is not feasible ex- 
cept under exceptional cireumstances. He was not 
successful in his attempts to observe this species dur- 
ing both day and night in Hickory Creek, New Len- 
nox, Illinois (during 1934, 1935, 1936) and in Stony 
Creek at Muncie, Illinois (March 24, 1942). The 
writer often obtained crayfishes from traps set in 
the Des Plaines River. In walking along the banks 


with the aid of a flashlight, no erayfishes were ob- 
served out of the water and those observed in the 
water could be seen only when they were near the 
surface. 
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LOCOMOTION OF CAMBARUS VIRILIS HAGEN IN A 
SIMULATED NaTURAL ENVIRONMENT 

A running water pond having 1 by 3 feet horizontal 
dimensions was constructed out of doors. Aetivity 
records were obtained automatically on a chrono- 
graph through employment of activity unit switches 
(Figs. 1, 2). Chronograph marks were counted and 
tabulated as activity units. Temperature was re- 
corded automatically and allowed to fluctuate through 
its normal range. The records were made between 
March 26 and April 14. Maximum day temperatures 
were: 9, 8, 6.5, 8, 7.5, 12, 14, 11, 12, 10.5, 11,.9, 
7, 9.3, 10, 9, 6, 7.5, 11.5, 6, 6.5, 9, 8, 8.5, and 12 de- 
grees C. Minimum night temperatures for the same 
records covered in the same order were: 7, 1, 4.5, 4, 
15, 6, 8.5, 7, 6, 6.5, 8, 8, 3.5, 5.8; 8, 5.5, 2, 5, 4.5, 
3, 3, 4, 6, 5.5, and 7 degrees. The average temper- 
ature fluctuation was 3.92° C. The resulting activity 
rhythm oceurs while animals are subjected to a com- 
plex of fluctuations in light intensity, temperature, 
and concentration of dissolved gases with consequent 
changes in pH. Over 90 per cent of community 
activity oceurs at night (Fig. 3). 

The importance of studying behavior while ani- 
mals are subjected to normal complexes of environ- 
mental factors has been explained (Shelford 1934). 


EXTERNAL FACTORS THAT REGULATE 
LOCOMOTION 


LIGHT AS A REGULATOR OF LOCOMOTION 
Materials 


Apparatus used for this research is illustrated in 
Figs. 6 and 7. A nylon thread was fastened around 
experimental crayfishes between the second and third 
pairs of legs and extended to a recording lever. 
Activity marks were recorded by a celluloid point on 
waxed paper carried by a twenty-four hour kymo- 
graph. The counter-pull of the recording lever 
amounted to 0.5 gram. Dimensions of the aquarium: 
10 inches wide, 14 inches long, 12 inches high. The 
water level was kept 14% to 3 inches above the 
aquarium floor, and heavy stones were situated upon 
the floor at strategie points so that when crayfishes 
moved horizontally they also had to move vertically 
to some extent. As a consequence, activity record 
marks were augmented beyond a magnitude that 
would result if crayfish could move only horizontally. 
Some of the stones were sufficiently high to permit 
animals to crawl out of the water. A _light-tight 
cabinet equipped with a 60-watt lamp produced illu- 
mination of 6 F. C. intensity. Running water flowed 
through a glass bottomed pan situated between the 
light source and aquarium. This served effectively 
as a heat filter. 

For some experiments, metal heaters controlled by 
thermostatic regulators were placed in the water res- 
ervoir. An opening through the aquarium allowed 
the aquarium water to be in direct contact with the 
reservoir water in which the aquarium rested. For 
other tests, the water first went through a temperature 
regulator, then through the aquarium (Figs. 6 and 7). 
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Methods 


Kymograph lines that changed their directions 
either upwards or downwards from a horizontal plane 
were counted as activity units (Fig. 6). Each kymo- 
graph record was divided into twenty-four sections 
corresponding to the hours of the day. Activity 
units and percentages of daily activity that occurred 
at night are summarized in Tables 1 and 2. 

Methods of revision of tables on light fluctuation 
are as follows: for averages of environmentally con- 
trolled rhythms, such as light controlled rhythms, 
activity records of the first hours that immediately 
follow daylight were shifted so as to coincide and 
then averaged together, and activity records for hours 
that immediately followed darkness were averaged 
together. 

Hours that immediately followed daybreak were 
spaced twelve hours apart from those that immedi- 
ately followed darkness. Averages for the hours of 
activity for the intermediate hours were spaced for 


TABLE 1. Percentages nocturnal activity over total 
numbers of activity units for light experiments at con- 
stant temperature. For experiments conducted in con- 
tinuous darkness, 5:00 P.M. to 5:00 A.M. represents the 
nocturnal period and 5:00 A.M. to 5:00 P.M. the diurnal 
period; the nocturnal period was considered as beginning 
early because crayfishes often manifest an anticipatory 
tendency in carrying out locomotor peaks in continuous 
darkness. 





NATURAL LIGHT FLUCTUATION 
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averaging in reference to times that darkness and 
daylight began and not in regard to clock time. 
When periods of thirteen hours or more were reduced 
to twelve hours as was necessary for days or nights 
that were longer than twelve hours, those hours that 
overlapped were averaged or filled in by interpola- 
tion. When days or nights were shorter than twelve 
hours, the spacing of daybreak and dusk to twelve 
hours apart left a gap of one or more hours. Such 
a gap was filled by intercalation. The averages of 
activity for the hours on each side of the gap were 
merely connected by drawing a line between the two 
points that enclosed the overlapping hours. 

This system is the only one that permits a stand- 
ardization of activity curves. If this method is not 
followed in averaging environmentally controlled 
rhythms, the averages of activity peaks tend to flatten 
due to the fact that night begins at a different time 
each day. 

Natural light fluctuation (Fig. 4) : Apparatus (Fig. 
6) was placed adjacent to a large north window out- 
side of the illumination cabinet so that the aquarium 
was exposed to maximum illumination during the day. 
A shelter was provided. Temperatures varied from 
13° to 26° C. for different experiments. Temper- 
ature was constant for each twenty-four hour activity 
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record. The illumination curve shown in Fig. 4 is 
based on an average of Chicago Weather Bureau 
records for all the days on which experimental tests 
were made. 

Continuous darkness (Fig. 8): Activity records 
were taken while animals and apparatus were en- 
closed in a light-proof cabinet (Fig. 6). When 
recording paper or animals were replaced, the room 
was darkened, and the cover of the dark cabinet was 
removed and a photographer’s cloth placed over the 
opening. The operator worked with this cloth folded 
over and around him to exclude natural light. <A 
red-lensed flashlight was employed so as to give just 
enough illumination to permit the operator to make 
proper adjustments of material. Winding the kymo- 
graph clockworks and replacement of recording paper 
required removing the cabinet door for a period of 
about two minutes. Some time was involved in see- 
ing that friction between marker and waxed paper 
was at a minimum. 

Animals were usually placed in the dark cabinet 
during the night so that darkness would not involve 
any unnatural change in illumination. In those in- 
stances in which ecrayfishes were placed in the dark 
cabinet during daylight hours, they were previously 
kept in artificial darkness for a number of hours. 
Temperatures: 10° C. for some records; 20° C. for 
others (Table 2). 


TABLE 2. 
temperatures. 
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ACTIVITY IN RELATION TO TEMPERATURE AND TIME 
(Based upon Table 3) 











Constant 
Darkness HicH TEMPERATU RE SERIES 
(Ist 3 days)...... 8 |16.5- 22 | -! 226 | 56 
(After 7 days)....| 11 18-22 | .5-1. ‘0| 20.5 | 143 | 52 
Low es = ye 
(Ist 4 days)...... 1: 7-20 : 0 1 63 
(After 7 days)....| 24 8.5-15.5) .5-1. ‘| 10 10. 4 ‘| 74 49 











Continuous illumination (Fig. 9): Activity of eray- 
fishes was recorded while animals and apparatus 
were enclosed in the illumination cabinet. Experi- 
mental animals were usually replaced during the day. 
When replaced at night, crayfishes were taken that 
had been conditioned to light for a number of hours. 
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No ready-made shelters weré available for conceal- 
ment. However, stones were on the aquarium floor 
and crayfish pushed them aside in the process of 
crouching. Temperature: 23.5° C. 

Reversed illumination: Activity of erayfishes was 
recorded while animals were enclosed in a light-proof 
eabinet (Fig. 6). The light intensity produced by 
the lamp was 6-foot candles. The illumination peri- 
ods usually covered the night hours. For the differ- 


ent records, illumination periods began at 6 P.M., 


P.M. 6 AM. 9 P.M, 6 P.M, 8 P.M, 6 P.M., 
6 P.M., 2 P.M., and 2 P.M. For averaging, periods 


of darkness were shifted so as to coincide with each 
other. Periods of illumination and periods of dark- 
ness were of twelve hours duration. Shelters were 
available for concealment from light during the arti- 
ficial day. Temperature : 19° C. Summaries of ex- 
periments are presented in Tables 1, 2, and 13, Fig. 5. 


Presentation and Interpretation of Data Concerning 
the Influence of Light 

Graphie representation of the data is presented in 
Figs. 3-5 and 8-14. The data are covered in Tables 
1 through 4. 

Natural light fluetuation: When natural light flue- 
tuates normally, activity of Cambarus virilis Hagen 
is much greater at night than during the day whether 
temperature fluctuates (Fig. 3) or remains constant 
(Fig. 4). This indicates that rhythmicity of activity 
is either endogenous or controlled by light fluctuation 
or that both endogenous and environmental factors 
may take part in regulation of activity. Further cor- 
relation is to be noted between intensity of illumina- 
tion and magnitude of locomotion: activity is greatest 
at the time darkness falls and immediately following 
beginning of night (Fig. 4). It then declines to a 
relatively low level during the next few hours. It 
rises somewhat between 2:00 and 5:00 A.M. for some 
individuals sufficiently to appear in the average 
curves (Figs. 3, 6). Averages of activity units show 
that locomotion during the day is not great when 
shelter is available (Figs. 3, 4). All records are con- 
sistent in showing slight activity during the daylight 
hours and a pronounced increase in activity imme- 
diately following marked decrease of illumination. 
Direct observations carried out in support of Fig. 3 
show that Cambarus virilis remains in niches during 
most of the day when shelter is available. 

Continuous darkness: When crayfishes are retained 
in continuous darkness, their activity oceurs mainly 
at night for the first few days (Fig. 8), then becomes 
irregular so that half of all peaks oceur during the 
day (Fig. 10). This is evident from a comparison 
of the first column with later columns (Table 3). 
Peaks anticipate or lag behind the time for their nor- 
mal occurrence more and more until half of all peaks 
oceur during the daytime (Figs. 8, 10, Tables 3 and 
4). By the end of six or seven days, 50 per cent of 
all activity is occurring during the day (Fig. 10), and 
half of the individuals are nocturnal and half are di- 
urnal (Fig. 11). Regularity in rhythm is soon lost 
(Table 4). Difference between average and peak 
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TABLE 3. Alteration in distribution of activity ae- 
cording to length of time crayfish remain in darkness. 
The tabulated numbers represent percentages of activity 
that occurred at night in each nychthemere. 
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activity (that is, degree of rhythmicity) does not de- 
cline to a significant extent during this period (Fig. 
12). 

These facts indicate that nocturnalism is brought 
about at least in part by an endogenous mechanism 
that tends to synchronize a locomotor rhythm with 
oceurrence of natural day and night. The fact that 
this endogenous rhythm soon loses its synchronization 
with day and night proves that the synchronization 
is acquired through environmental induction. The 
fact that the highest peak to oceur (the nocturnal 
peak) is not nearly as great in constant darkness 
(Fig. 8) as when erayfishes are influenced by natural 
light fluctuation (Figs. 3, 4) indicates that the direct 
influence of light is responsible for a considerable 
portion of each nocturnal locomotor peak. Whether 
a tendeney for activity to occur in spurts that average 
about twenty-four hours apart has been inherited is 
not known and is not important for an understanding 
of this problem. It would be necessary to raise eray- 
fishes from eggs in constant darkness in order to 
answer this question. After animals are retained in 
constant darkness for a number of days, high peaks 
of activity commonly oceur at intervals of 10 to 40 
hours (average 23.8 hr.) apart (Table 4). This ex- 
tent of “regularity” has some adaptive value since 
even after the activity rhythm has become somewhat 
irregular the animal’s physiology functions on the 
average in accordance with a twenty-four hour plan. 

The data obtained for animals in constant darkness 
show that an endogenous regulation of a tendency to 
become active at twenty-four hour intervals and a 
tendency to synchronize locomotor peaks with oceur- 
rence of night are both results of environmental 
induction. 

Continuous illumination: Average activity of eray- 
fishes subjected to continuous illumination without 
opportunity for the use of shelters was practically 
devoid of prominent activity peaks (Fig. 9). Female 
number 3 appears to have expressed an endogenous 
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Rhythmicity of individuals in continuous. darkness illustrated by the number of hours between highest 
The arches designate the days on which records began and ended. 
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twenty-four hour locomotor rhythm that cannot be respiratory ventilation in Potamobius (Jordan & 


detected in the average curve. 

Reversed illumination: Influence of daylight in- 
tensity is comparable with the influence of reduction 
in illumination of a 60-watt lamp. Compare Figure 
3 or 4 with Figure 5. Marked reduction of illumina- 
tion is shown to be capable of regulating the oceur- 
rence of principal locomotor peaks, as pronounced in- 
crease in locomotion immediately follows marked 
reduction of illumination in each record. Latent 
periods that occurred between reductions in illumina- 
tion and locomotor responses were as follows (in 
minutes) : ¥%, 3, 5, 3, 4,5, 11, 1, 12, and 0. The dura- 
tions of time between beginning of darkness and 
commencement of locomotion average about 5 min- 
utes. A brief increase in locomotion usually follows 
immediately or soon after the beginning of the illumi- 
nation period, and this appears in the average curves 
(Fig. 5). 


FLUCTUATION OF OxYGEN CONCENTRATION IN 
Aquatic HaBITATs AS A POSSIBLE 
REGULATOR OF ACTIVITY 


Influences shown by other researches.—A deficiency 
in oxygen may accelerate rate of scaphognathite 
(water bailer) strokes for Potamobius astacus (Asta- 
cus fluviatilis) (Fox & Johnson 1933, Segaar 1935, 
Jordan & Guittart 1938). For Cambarus immunis, 
neither variations in pH (5.2-6.8) nor carbon dioxide 
content affect the rate of consumption. Oxygen con- 
sumption is independent of oxygen tensions down to 
20 to 40 per cent of saturation, and asphyxiation 
occurs at 10 to 15 per cent of saturation (Helff 
1927). In Cambarus virilis, oxygen consumption is 
independent of variations in oxygen tensions for the 
greater part of the range of tensions (Hiestand 
1931). Oxygen is evidently stored in the crayfish 
tissues, and neither carbon dioxide nor lack of oxygen 
can be considered as normal stimuli for regulating 





Guittart 1938). 

Possible variations of oxygen concentration in 
crayfish habitats ——The lower the water temperature, 
the greater the amounts of oxygen and other gases 
that water is capable of dissolving. Each liter of 
water dissolves the following amounts (ml.) of 
oxygen: 9.7, 8.7, 7.8, 6.9, 6.3, 5.7, and 5.43 for the 
following temperatures respectively: 0, 5, 10, 15, 20, 
25, and 29.9 degrees, C. (Birge & Juday 1911, p. 20). 

The relation of temperature to oxygen concentra- 
tion during the day and night has been indicated for 
river water (Butcher et al. 1927; ef., Carpenter 1928, 
Fig. 34). 

The trend in variation of amounts of oxygen con- 
centration to different depths of water (in meters) 
is as follows (Birge & Juday 1911): 
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Photosynthesis, especially where plants are abun- 
dant, should increase the concentrations of oxygen 
in erayfish habitats during the daylight period. 
Whether this increase often overbalances the tendency 
for reduction in oxygen concentration as a result of 
higher temperatures during the daylight period is 
not known. 

It is concluded that the temperatures to which 
crayfishes were subjected for locomotor recordings 
were such as are usual for these animals in their 
natural habitats. 

Materials and methods.—Determinations of oxygen 
concentrations were made by means of Stewart’s 
modification of Winkler’s method. Boiled water was 
mixed to various extents with well oxygenated water 
by means of an apparatus similar to that shown in 
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Figure 15. Unlimited amounts of boiled water and 
oxygenated water were available from taps under 
pressure at room temperature. 

To determine what influence low and high oxygen 
concentrations of the aquatic medium might have 
upon intensity of locomotion, activity of eyeless cray- 
fishes was recorded for two hours. Water containing 
9 ml. of oxygen per liter passed through the aquarium 
for the first hour, and water containing 3.25 ml. of 
oxygen per liter flowed through the aquarium during 
the next hour. Temperature was held at 16° C. 

Results —Changes in oxygen concentration above 
1.7 ml. per liter do not bring about any apparent 
influences upon crayfish behavior. When oxygen con- 
centration drops to between 0.99 and 1.7 ml. per liter, 
erayfishes climb to the surface and remain inactive 
with a gill chamber exposed to the air (Table 5, 
checked by direct observation). A concentration of 
only 2 ml. of oxygen per liter has been shown to be 
sufficient to allow inactivity of Cambarus virilis dur- 
ing the day, and 3 ml. of oxygen per liter has been 
proved to allow pronounced activity of the same 
species at night (Table 5, Fig. 19). 

TABLE 5. Relation of locomotion to oxygen concen- 
tration of ambient medium. Crayfishes were exposed to 
light. Records were taken between 10:00 A.M. and 
4:00 P.M. Twenty experiments. For some records, 
erayfishes went to water surface and remained quiet 
after exposing their gill chambers to the air.* 





Activity units at 9 ml. per 





| = 
Eacrhiout <2 3553-452] 0) | ofofo| |2\0 0 
At 3 to 3.5 ml. per L. for the | | | | | 
following hour..........| 0 | 0 ete ietei eis 
At 3 ml. per L. for 1 hour. ..| 0 | 0 | 0}o) 0/1} 0/0 10/0 
At 1.7 to 2 ml. per L. for the | | | | | | | | 
following hour........... leg} a eo} [ei «| sl] «|| « 





FLuctuaTions IN AcIDITY AND ALKALINITY AS 
PossiBLE INFLUENCES ON LOCOMOTION 

Possible variations of pH in Crayfish habitats.—The 
effects of temperature changes and photosynthesis 
upon changes in pH have not been determined. 
Theoretically, higher temperatures and photosynthe- 
sis should tend to increase pH, because the higher 
the temperature the less the solubility of CO: in 
water inasmuch as aquatic plants consume carbon 
dioxide which might otherwise react with water to 
produce carbonic acid. The types of habitats in 
which Cambarus virilis is found are mainly alkaline 
and usually range in pH from 7 to 8.6 (Butcher et al. 
1927 and Birge & Juday 1911). Certain crayfish 
occur in tamarack swamps (Shelford 1937). 

Materials and methods——To determine the influ- 
ence that increase or decrease in pH might have upon 
locomotor intensity, water having pu of 8.6 flowed 
through the aquarium for one hour. During the fol- 
lowing hour, the water which passed through the 
aquarium had a pH of 7.1. The apparatus used to 
acidify and alkalize water is shown in Figure 15. 
Temperature remained at 16° C. 

Results—Marked change of pH from 8.6 to 7.1 
does not influence intensity of locomotion to an ap- 
parent extent (Table 6). When the px goes below 
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7, as for example to 6.8, crayfishes appear to be irri- 
tated, and they have been observed to leave their 
niches at times. A change in pH from 7 to 6.5 always 
results in their leaving their niches. A pH of 6 or 
lower results in crayfishes moving above the water 
surface and exposing one or both gill chambers to 
the air. The relation of crayfish behavior to changes 
in pH below 7 is not of ecological significance except 
in regard to factors that should limit distribution. 


TABLE 6. Relation of locomotion to acidity and 
alkalinity. Crayfishes were exposed. to light. Records 
were made between 10:00 A.M. and 4:00 P.M. Twenty- 
one experiments. For some records, crayfishes went to 
surface and exposed gill chambers to the air.* 





Activity units at pH 8.6 for 
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At pH 7 to 7.5 for the follow- 
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Activity units at pH 7 to 7.5 for | | | 

Lhour..............-.00054] 0 0 | | 0 0 0 0 
At pH 6.5 for the next hour.....| *3 | 10 | *2 | 14} *1 9 7 
Activity units at pH 7.1 to 7.5 for | | | 

WEG Fos arena tena e nee cee 0 0 Oo | O 
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AVAILABILITY OF Foop AS A REGULATOR OF 
LOCOMOTION 


Materials and Methods.——Locomotion of crayfishes 
was recorded by means of pulley switches (Figs. 1 
and 2). Animals were fed oatmeal or dried shrimp. 
Temperature remained constant at 16°, 18°, or 20° C. 
during each test. 

Results——The data obtained on the influence of 
presence of food upon locomotion are summarized in 
Table 7. After crayfishes have finished eating, in- 
tensity of locomotion tends to return to the same 
magnitude that existed just previous to feeding. 
When crayfishes are highly active, addition of fresh 
food to their habitat brings about a decrease in loco- 
motion. Only moderate locomotion is involved dur- 
ing feeding, and whether presence of food brings 
about an increase in locomotion depends upon the 
extent of activity which occurs just previous to the 
time at which food is available. These tests were 
made between 10 A.M. and 4 P.M. with normal ani- 
mals kept in darkness (Table 7). 


- 


TABLE 7. Relation of locomotor intensity to avail- 
ability of food. Part of the records were made by ten 
normal crayfishes* ; other records were made by six eye- 
less crayfishes}. Summary: 1 indifferent, 24 decreases in 
locomotion and 9 increases which occurred only when 
locomotion was negligible before feeding; proportion of 
decrease: 10.6/15 or 2/3. 





tl*l*lelel¢ lel ell ele] ele] le] el 
67}10}11)36}16|20) 0/41) 7/17/18)/10)12) 1) 1/24) 1 
20} O} 2)19/16)13) 7/31) 1/15/13} 4) 8/42) 2/18) 5 


14 hour before feeding. . . 
¥ hour after feeding... . 


Klee LR) Rl LR) RL RL) RL Le] 
13}35}22| 8] 5/63) 7| 1) 5]13} 0/13) 9} 7/10) 6) O 
2| 4/16} 1| 3/41] O} 6/14} 2} 2/40) O} 5) 5] 3) 1 


1 hour before feeding. . 
16 hour after feeding... . 





Well fed normal animals exposed to bright illu- 
mination have not been observed to leave their niches 
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when oatmeal or dried shrimp is put in a corner of 
their aquarium. Animals that have not had food 
for a number of days will leave their niches during 
exposure to daylight when food is put into their 
aquarium close enough for them to detect its presence. 

Animals from which eyestalks have been removed 
feed almost continuously during both day and night. 

In natural habitats, food-chemical gradients would 
rarely, if ever, exist to an appreciable extent so as 
to cause ecrayfishes to leave their niches during the 
day. Also, crayfishes in natural habitats have food 
available to them for a considerable part of the time, 
and it has been shown that food gradients are likely 
to eause crayfishes to leave their niches only when 
the animals are undergoing starvation. 

When ecrayfishes rest temporarily out of their 
niches as at night, the presence of food stimulates 
locomotion, but when they are highly active, the 
encounter of food decreases locomotor intensity 
(Table 7). 

INTERNAL FACTORS 
INFLUENCE OF PREVIOUS EXPERIENCE 

Materials and Methods——Crayfishes were kept in 
continuous darkness during recording of activity 
while temperatures remained constant at some point 
between 7° and 22° C. (Figs. 8, 10 and 11, Table 2). 
Activity was recorded by the lever method. Appa- 
ratus used is shown in Figure 4. 

Results—Activity peaks of Cambarus virilis occur 
mainly at night during the first several days that ani- 
mals are subjected to darkness and anticipate or lag 
behind the normal time of occurrence until half of 
them fall during the daylight period (Fig. 10, Table 
3). This proves that synchronization of an endoge- 
nous activity rhythm with oceurrence of night nor- 
mally oceurs for Cambarus virilis. The same evidence 
indicates that the synchronization of locomotor peaks 
with the occurrence of night is a result of previous 
experience. 

When erayfishes are transferred to continuous dark- 
ness their activity peaks at first tend to continue to 
recur at twenty-four hour intervals (Fig. 10, Table 
3). The intervals gradually become more irregular 
as the animals are retained in darkness (Figs. 8, 10, 
11, 12, Table 4). This indicates that the endogenous 
tendency of animals to space activity at twenty-four 
hour intervals (regardless whether such peaks are 
synchronized with night or day) is also acquired as 
a result of previous experience. 


TEMPERATURE AS A POSSIBLE INFLUENCE ON 
LOCOMOTION 
Temperature conditions in natural habitats—Tem- 
peratures to which virilis crayfishes are subjected 
under natural conditions should be considered. Ap- 
proximate extremes of temperature that occur in 
Lake Mendota, Wisconsin, at different depths during 
the months of May and August are as follows (Birge 
& Juday 1911, p. 28): 
Average difference 


between surface and 
10M 22M 22 M temperature 


16°-20° -1° to 12°C. 5° 
12° 


At 
Surface 5M 
2°-17° 2°-15° 


Aug. 
23°-26° 22°-25° 2°-15° 11° to 13°C. 


May 
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In October, temperatures in Lake Mendota fall from 
about 19° at the surface and 13° at a depth of 20 
meters to 11° by November first. 

According to Butcher’s data for streams (Carpen- 
ter 1928, Fig. 34), typical temperature fluctuations 
amount to about 4° C. near the water surface, with 
fluctuations occurring to less extent the further the 
habitats are from the surface. Temperatures of 
streams that have a considerable current in the tem- 
perate zones are not known to rise above 25° C. 

Materials and methods.—Activity was recorded for 
some tests by the direct recording lever method 
(Fig. 6) while crayfishes were subjected to natural 
light fluctuations, continuous illumination, continuous 
darkness, and reversed illumination (Figs. 3-9). For 
these tests, temperature was held constant at some 
point between 7° and 26° C. For other tests, loeo- 
motion was recorded by indirect unit methods (Figs. 
1 and 2). For the latter experiments, temperature 
fluctuated on an average of 3.92° C. from day to 
night. Minimum night temperatures were: 7, 1, 4.5, 
4, 1.5, 6, 8.5, 7, 6, 6.5, 8, 8, 3.5, 5.8, 8, 5.5, 2, 5, 
4.5, 3, 3, 4, 6, 5.5, and 7°. Maximum day temper- 
atures for these records listed respectively were: 9, 8, 
6.5, 8, 7.5, 12, 14, 11, 12, 10.5, 11, 9, 7, 9.3, 10, 9, 6, 
7.5, 11.5, 6, 6.5, 9, 8, 8.5, and 12 degrees. The average 
of records obtained for these conditions is shown in 
Figure 3. 





Results——Locomotor intensity of ecrayfishes is rela- 
tively low (less than 10 per cent of the average total 
amount for a day-night cycle) during their exposure 
to daylight at temperatures as low as 6° Centigrade 
(Fig. 3 and data in previous paragraph) or as high 
as 26° C. (Fig. 4, Table 2). Locomotion increases 
at dusk and remains relatively high (over 90% of the 
average total amount for a nychthemeral period) 
when erayfishes are subjected to darkness at temper- 
atures as low as 1° C. (Fig. 3 and data in previous 
paragraph) or as high as 26° C. (Fig. 4 and Table 
2). These facts show a tendency for illumination 
to dominate any influence which temperature may 
have. They also show that locomotor intensity tends 
to be independent of temperatures between 1 and 
26° C. In continuous darkness average intensity of 
activity is somewhat greater at 20 than at 10 degrees 
(Table 2). However, individual records vary greatly, 
and definite intensities of locomotion are not char- 
acteristic for different temperatures. 

During early March (1942) the writer observed 
that eyeless crayfishes walked about intermittently 
when kept under ice (temperature, 0.7° C.) in an 
outdoor artificial pond. 


MatTING TENDENCY 

The sexes of erayfishes mate continuously through 
periods of twenty-four hours or longer. Mating may 
start at any time of night or day. Chances of mates 
encountering each other are about nine times greater 
at night than during the day (Fig. 3). Mating 
occurs commonly in the spring and may also occur 
during the summer. Crayfishes kept in laboratory 
stock aquaria mate at any time of year. 
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EVIDENCES FOR CHEMICAL INHIBITION OF 
LOCOMOTION 

Materials —Three insulin syringes, pin-point knife 
(ground from a common pin), cuticle scissors, nylon 
thread, pin points cut one-fourth of an inch long, 
artificial serum, vials and a refrigerator for brief 
storage of eyestalk extract, glassware and fine filter 
paper (for crushing eyestalks and filtering extract), 
activity unit switches (Figs. 1 and 2), chronographs, 
aquarium, temperature control apparatus (Fig. 7), a 
constant temperature cabinet that permits entrance 
of daylight, and a dark room. Pens are made by 
drawing glass tubing to a point over a flame, and 
hinged pen holders are made from thin sheet copper. 

Methods.—Activity was recorded by means of a 
pulley switch (Fig. 1). Both stock ecrayfishes and 
experimental crayfishes subjected to natural light 
fluctuation were shielded from artificial illumination 
at night by a folding screen which automatically 
moved on and off of aquaria at the hours selected in 
advance. Power for movement of the screen was 
provided by the alarm spring of an ordinary alarm 
clock. 

1. Removal of rostrum: records obtained were the 
same as for normal ecrayfishes. 

2. Removal of eyestalks: Activity was recorded for 
crayfishes retained continuously in darkness. The 
rostrum was removed. Eyestalks were removed either 
at night or, if during the day, only after animals 
had spent the previous night in a dark room. Nar- 
row curved-point scissors were used to clip eyestalks 
at their bases (Fig 16). The tissues at the bases of 
eyestalks are soft and therefore easily and quickly 
cut. The soft tissue that serves as an inter-connector 
of eyestalks was not injured. In some experiments 
one eye was removed; in others, both. 

3. Penetration of optic nerves by pins: Pin points 
about one-fourth inch in length were inserted length- 
wise through the middle of both eyestalks. Points 
were not long enough to reach the brain (Fig. 16). 

4. Severance of optic nerves in eyestalks: In eut- 
ting nerves it was always necessary to bring about 
some destruction of other tissues and some loss of 
blood. A section of cuticle was cut away from the 
bases of eyestalk cylinders by means of sharp pointed 
A sharp, slender curved knife blade was 
inserted around the optie nerve; the knife was re- 
moved so as to eut all tissue in its path of movement 
(Fig. 16). Following this operation, crayfishes re- 
mained active during the five weeks that they were 
observed. 

5. Maceration or puncture of tissue in bases of eye- 
stalks in the regions around optic nerves: A seetion 
of cuticle was cut by means of fine point scissors 
from the bases of eyestalk cylinders (Fig. 16). A 
pin was used to macerate or puncture tissue within 
the eyestalks. The pin was alternately pushed into 
the tissue and removed so as not to exert a tearing 
effect in the intermediate regions. The pin was used 
to tear tissue in the outermost regions of eyestalks. 
Results were the same as those which followed liga- 
tion of eyestalks except that locomotion commenced 


scissors. 
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almost immediately following maceration of eye tissue. 

6. Optie nerves cut just anterior to the brain: The 
front and dorsal part of the carapace was cut through 
along a line where the rostrum joins the front part 
of the body. When this was done, the anterior part 
of the head which bears the eyes, brain, and certain 
appendages was foreed downwards and forwards. 
The ventral part of the body serves as a hinge, and a 
gap is made where the front of the head is separated 
from the rest of the body. If the head is not forced 
too far, the most important blood vessels that run 
to the organs of the head are not broken. When the 
large blood vessels break, the head cavity that is 
temporarily formed by moving parts of the head for- 
ward fills with blood, and animals turn on their 
backs or are immobile. A slender hooked knife blade 
was inserted so that its tip curled under an optic 
nerve, and one at a time was cut from respective 
sides as the knife blade was withdrawn (Fig. 16A). 
The investigator must be careful not to cut the large 
arteries that run to the brain region. Arteries are 
quite transparent and bluish white to colorless. The 
optic nerves are whitish and opaque. This operation 
has been successful in two out of the ten attempts 
to perform it. Immediately after nerves are cut the 
front part of the head is pushed back into place and 
tied securely as shown in Figure 16B. The animals 
so treated moved about at intervals of several hours. 
One of them lived for three days, the other one for 
four. In order to make certain that the operation 
has been carried out properly the head must be dis- 
sected after the animal has had its activity exten- 
sively recorded. 

7. Ligation of eyestalks: The rostrum was removed 
and nylon thread was looped through itself and 
forced over evestalks to the soft muscular regions, 
then pulled so as to pinch the tissue moderately. 
Another loop was made so as to make a knot. For 
some experiments this was done for one eye at a 
time; for other experiments ligation of the second 
eyestalk immediately followed ligation of the first. 

8. Removal of ligatures: To remove ligatures, a 
slender curved-point insect pin was forced under the 
ligatures. Sharp pointed scissors were used to clip 
the thread. 

9. Injection of eyestalk extract: Two eyestalks 
were crushed for each ml. of artificial serum added. 
This mixture was filtered through fine paper. For 
preliminary tests 0.5, 1.0, 1.5, and 2.0 ml. of liquid 
were administered to a erayfish at one time. For 
research records, 1 ml. was the standard amount 
given. Fluids were injected either through the third 
joint of a cheliped or at the posterior, mid-dorsal 
point of the cephalothorax. One ml. of physiological 
saline solution was injected into some of the controls, 
and abdominal muscle extract was injected into cer- 
tain others. The remainder of the controls were 
merely held out of water for a while. The formula 
for the physiological solution used: to each 100 ml. 
distilled water, add 1.87 g. NaCl, 0.15 g. NaCk, 0.08 
g. KCL, and about 0.05 g. Na:HCO:, that is, enough 
to make a pH of 7.6 to 7.8 (Cole et al. 1939; C. L. 
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Prosser (direct communication)). To make muscle 
extract, one-half of a gram of telson muscle was 
erushed per ml. of artificial serum. 

10. Transplantation of eyestalks: Eyestalks were 
transplanted to the cephalothoraces of five male cray- 
fishes. They were foreed through small openings 
made at the mid-dorsal posterior extremity of the 
cephalothorax in the region just posterior to the 
heart. In three specimens, an eyéstalk was forced 
through the third joint of chelipeds into the ischio- 
pod. Eyestalks were removed about noon from cray- 
fishes that were kept in an aquarium exposed to 
daylight. They were transplanted into eyeless indi- 
viduals. Transplanted eyestalks did not influence 
locomotion; tht is, the activity of the experimental 
animals remained the same as that of the controls 
after eyestalks were transplanted. This may be due 
to the fact that the eyestalk gland probably requires 
nerve stimulation to perform its inhibitory functions. 

11. Severance of commissures: Cireum-oesophageal 
commissures were first cut with fine pointed scissors. 
To make certain that no nerve strands retained con- 
nection between the brain and ventral ganglia, a 
slender curved knife blade previously described was 
drawn under and upwards through the commissural 
regions. Commissures were exposed by a technique 
described in connection with cutting optic nerves 
(Fig. 16). The opening made in the crayfish was 
closed and held seeure by the method already de- 
seribed. Animals remained inactive after operations 
except when stimulated as by vigorous tapping. 
When locomotion was started it usually continued 
until stopped by outer force such as obstacles that 
the crayfishes met perpendicularly or nearly so. 

12. Severance of antennal nerves. Portions of 
antennae were removed to determine whether nerve 
impulses resulting from injury would influence loco- 
motor intensity. 

13. Light intensity was decreased and latent peri- 
ods noted between the time that this stimulus was 
applied and the time that locomotion began. Latent 
periods were also determined when eyestalks were 
ligated. 

Presentation and interpretation of data on hor- 
monal inhibition of locomotion correlated with other 
researches.—Crayfishes from which eyestalks have 
been removed remain active almost continuously as 
long as they are provided with food and fresh water. 
This is true whether they are kept in darkness or 
subjected to natural light fluctuation (Figs. 17, 18, 
and Table 8). Evyeless crayfishes kept in a still water 
aquarium rarely live longer than ten days when food 
is not available to them. However, they remained 
active for as long as nine weeks in a running water 
aquarium that contained food at all times. These 
factors show that metabolic requirements for food 
and oxygen increase following eyestalk removal and 
that the eyestalks inhibit metabolic rate. These facts 
also indicate that the energy requirements of the 
crayfish, Cambarus virilis, are not dependent upon 
eyestalks for a hormonal stimulator of nervous or 
metabolic activity as postulated by Kalmus (1938). 
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TABLE 8. Comparison of locomotor intensity before 

and after removal of eyestalks. 18-20° C. Proportion 

of increase when one eyestalk is removed: 2.2 times; 
after both eyestalks are removed: 8 times. 





ONE EYESTALK REMOVED 











| | | Totals 
44 hour before........| 17 | 0 4/24/15] 0} 19 79 
\% hour after....... | 38/30/20! 4/39/18) 29] 178 





BOTH EYESTALKS REMOVED 

4 ee Totals 
\% hour before. .| 0} 4| 1 0| 0} 0 3|11/17|10 14| 0/23) 3) 4 90 
¥ hour after. . . |12/23|16/35/53|46/68/66 54|75/78 28/82/21/64| 721 














When Kalmus removed the eyestalks of Potamobius, 
activity increased markedly. His animals were kept 
in a still water aquarium without food for several 
days and were evidently in a weakened condition by 
the time eyestalk extract was injected into them. It 
is not strange that any stimulation increased their 
activity. The oceurrence of locomotor peaks of Cam- 
barus virilis is normally controlled by light (Figs. 3, 
4, 5). When eyestalks are removed, locomotion is 
no longer inhibited when ecrayfishes are exposed to 
light (Figs. 17 and 18). This indicates that light 
exerts its inhibitory influence by way of an eye 
mechanism. 

An endogenous tendency for locomotor peaks to 
oecur in continuous darkness at twenty-four hour in- 
tervals exists during a few days for normal erayfishes 
(Roberts 1936; Figs. 8, 10) but is immediately ab- 
sent when eyestalks are removed (Roberts 1941; 
Figs. 17, 18 and Table 8). This proves that the 
internal mechanism which regulates a nychthemeral 
locomotor rhythm of normal crayfishes depends upon 
the eyestalks whether or not illumination is present. 

The severance of nerves of the antennae has no 
definite influence upon the activity of the virilis cray- 
fish. The lengthwise penetration of optie nerves by 
pins has no pronounced or prolonged influence upon 
locomotion (Fig. 19, Table 9). These facts show 
that the influence of eyestalk removal is not a result 
of nerve stimulation. On this point, this research 
differs from that of Schallek (1942). 


TABLE 9. Comparison of locomotor intensity before 
and after optic nerves are penetrated by pins. 





Ba | | | | Totals | Av. 

14 hour before operation . |17|13}13) 8|22| 0} 4} 8] 5/8 98 9.8 
| } “| 

lg hour after operation . .|18|16|12/10/22} 2} 2) 7| 2|11| 102 10.2 





Injury of eyestalk tissue results in increased loco- 
motion (Table 10) even though no nerves are sev- 
ered. Some increased intensity remains indefinitely, 
but partial recovery usually follows injury. The 
probable explanation is as follows: a locomotor- 
inhibitor hormone is normally released by eyestalks 
into the body when ecrayfishes are subjected to bright 
illumination. Eseape of hormone into the body is 
by way of definite channels and does not occur to an 
appreciable extent by diffusion. Two venous outlets 
have been described for the eyes of decapods (Sjogren 
1934). Injury of eyestalk tissue should by blocking 
blood vessels prevent the liberal release of hormone. 
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Eyestalk extract was not unduly exposed to air or 
stored as it may be capable of chemical change such 
as oxidation. 


TABLE 10. Comparison of locomotor intensity before 
and after maceration of tissue that surrounds optic 
nerves in bases of eyestalks without injury to optic 
nerves. The increased intensity of locomotion was main- 
tained except for two records in which considerable re- 
covery followed operations.* Observations covered seven 























days. Proportion of increase: 9.5 times. 

| | Totals | Av 
\ hr. before operation. 0 0 0 | 24 0 1 25 | 4 
\ hr. after operation. .| 34 | 60 |*44 | 50 |*11 | 31 | 230 38 





When eyestalks are ligated, locomotion increases 
and usually maintains a high level of intensity quite 
indefinitely whether crayfishes are subjected to con- 
tinuous darkness or exposed to natural illumination 
(Figs. 20 and 21). It is reasonable that eyestalk 
ligatures prevent the release of a locomotor-inhibitor 
hormone. Welsh (1930a) obtained evidence that a 
chromatophoral hormone is produced in the eyestalks 
of Palaemonetes. He obtained such evidence by em- 
ploying the eyestalk ligation method. For consistency 
of results see Table 13. 

Activation of locomotion is dependent upon the 
brain, but maintenance of locomotion tends to be 
somewhat independent of the brain. When cireum- 
oesophageal commissures are severed, eyeless cray- 
fishes remain quiet until subjected to vigorous tap- 
ping or other type of physical stimulation. After 
locomotion commences, it usually continues until an 
obstacle is met at an approximate right angle, then 
does not occur again unless further physical stimula- 
tion is provided by external forces. These results 
show that the brain is normally involved in the 
initiation of locomotion, and that nerve impulses 
from the brain are not necessarily involved in the 
maintenance, inhibition, or cessation of locomotion. 

Injection of eyestalk extract into eyeless crayfishes 
brings about a decrease of locomotion in about 66 per 
cent of injections (Figs. 22, 23, Table 12; Roberts 
1941). Similar results were obtained by William 
Schallek for 47 tests (written communication 1942- 
43). Following injections of eyestalk extract in Cam- 
barus virilis, he obtained 28 decreases in comparison 
with 19 increases in locomotion (60 per cent de- 
creases) following the injection of sinus gland ex- 
tract. His data have not been published. 

Sugar concentration in crayfish blood fluctuates 
from day to night (Pitts’ unpublished research, ef., 
Schallek 1942). It is possible that this condition 
may be linked with the effects of eyestalk removal, 
eyestalk ligation, and injection of eyestalk extract 
covered in the present paper. 

Oxygen consumption increases following eyestalk 
removal. Injection of sinus gland extract reduces 
oxygen consumption to near normal showing that 
eyestalk extract checks oxidation within the crayfish 
body (Scudamore 1942). These discoveries are in 
line with the effects of eyestalk removal, eyestalk 
ligation, and injection of eyestalk extract as shown 
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by the research covered in the present thesis. It is 
probable that changes in rate of oxygen consumption 
from day to night as controlled by chemical secreted 
by the eyestalks when crayfishes are subjected to 
illumination are involved in the regulation of loco- 
motor intensity. 

The presence of a chemical in erayfish eyestalks 
capable of increasing heartbeat rate of Cambarus 
virilis has been demonstrated by Welsh (1937). It 
is not unlikely that such a chemical is normally re- 
leased into the blood stream at night or in the absence 
of illumination inasmuch as Keeble (1904). noted an 
inerease of heartbeat rate at night in Macromysis 
and Palaemonetes. 


GENERALIZATIONS ON HORMONAL INFLUENCE 

Locomotor intensity that follows injection of eye 
extract averages about half the intensity that occurs 
just previous to injection (Fig. 22). This amount 
of difference is not as great as the amount of error 
that may occur through the use of direct recording 
levers (Roberts 1942), so results obtained through 
the use of recording levers will probably not show 
the same results as those covered in this research. 
Controls usually do not decrease their locomotion, 
but—to the contrary—usually show an increase in 
locomotion following injections of saline solution or 
telson muscle extract as well as just after they have 
been held for a time out of the aquarium (Fig. 23, 
Table 12). These facts support other evidences that 
a chemical is present in the crayfish eyestalks which 
when released into the blood stream causes a decrease 
in locomotor tendeney provided much opportunity 
for thigmostimulation is available. This conclusion 
allows for the fact that illumination often causes 
locomotion to oceur, especially when light shades and 
crevices are not available (Fig. 9). The eyestalk 
chemical may exert its influence by way of the brain 
through alteration of instinctual tendency. If such 
an explanation proves to be valid, it should not be 
regarded as strange that results of eyestalk extract 
injection are not always consistent inasmuch as the: 
crayfish brain may involve mind, that is, physiological 
phenomena on a psychological level. Psychological 
phenomena will rarely be predictable as long as in- 
formation regarding the physiological basis of mind 
remains as limited as it is at present. 

Latent periods of nerve responses are not known 
to last longer than a fraction of a second. Latent 
periods that follow marked decreases of illumination 
amount to a number of seconds to several minutes. 
Latent periods that follow ligation of eyestalks last 
from a number of seconds to over an hour (Table 
11). Therefore, the change in intensity of loecomo- 
tion following decrease of illumination must depend 
largely upon some other phenomenon than nerve 
transmission. The only mechanisms of action known 
to carry out their influences by remote control de- 
pend either upon nerves or chemicals. Chemicals 
may be released into the blood stream, or they may 
be secreted by nerves at the point of action (neuro- 
humors). Nerves and neurohumors act too quickly 
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TABLE 11. Comparison of locomotor intensity before 
and after ligation of eyestalks. The high level of in- 
tensity (that appeared after ligation of eyestalks) was 
maintained indefinitely in most records. Observations 
covered four days. Six experiments were carried out in 
continuous darkness;* the others were conducted in nat- 
ural conditions of illumination, the operations being per- 
formed between 10:00 A.M. and 4:00 P.M. 


| ee | 
igeedg 
| | | 
! 





| Totals} Av. 


16 hr. before 2 locomotor 


operation 0} 0} oO} 1) 6 OF 4} 4} 2} 3] 20 | units 
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aecount for the latent periods that follow the cray- 
fishes’ locomotor response to changes in illumination. 

Chromatophoral expansions and contractions con- 
tinue to recur in certain crayfishes for several nych- 
themeral periods after the animals are placed in 
continual darkness (F. Brown, direct communica- 
tion). Such chromatophoral behavior is known to 
be under humoral regulation as explained elsewhere 
in this paper. The changes in periodicity of con- 
traction and expansion shown by crayfish chromato- 
phores appear to follow the same type of pattern as 
the author found to occur for locomotion of crayfishes 
kept in darkness (Fig. 10). 

Kropp & Enzmann (1933) showed that illumina- 
tion of crayfishes causes an increase in amplitude and 
rate of lez movements on the side of the illuminated 
eye and opposite the side bearing the eye covered 
with lampblack. Their research shows also that both 
legs were quite active while both eyes were illumi- 
nated. Illumination did not bring about cessation 
of leg movements. The results of Kropp & Enzmann 
(1933) have no application to the influence of illumi- 
nation in bringing about complete rest as implied 
by Schallek (1942). 

If light inhibits locomotion directly through the 
nervous system and independently of chemical influ- 
enee, then, individuals of Cambarus virilis should re- 
main quiet over 90 per cent of the time that they 
remain subjected to strong illumination at 22° C. in 
an aquarium not provided with shelters or mud. How- 
ever, such a result does not occur as shown by Figure 
8. Therefore, it is concluded that Schallek’s argu- 
ment based upon the research of Kropp & Enzmann 
is invalid. 

Crayfishes sometimes move from one place to an- 
other regardless of the nature of light conditions. 
Their immobility is the result only of some tendency 
which changes somewhat from day to night. It is 
evidently related to both illumination and the extent 
to which crevices offer opportunities for thigmostimu- 
lation inasmuch as erayfishes tend to remain in 
crevices when exposed to bright light. However, 
illumination sometimes induces locomotion to take 
place, and crayfishes are sometimes positively pho- 
totropic (Huxley 1880, Bell 1906, Shelford 1914). 
Also, erayfishes exposed to illumination are often to 
be found in a paralyzed condition with legs retracted. 
They may remain in this condition for some time after 
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being transferred to a dark room. A similar state 
can be brought about by stroking (Reisinger 1927). 
Regardless how such quiescence of crayfishes may be 
induced by external influences, the internal cause 
probably has a chemical basis upon which the fune- 
tion of inhibitory nerve fibers may depend. 

Increase in locomotion at night can best be ex- 
plained by recognition of decreased thigmotropism 
due to a change in chemical condition of the nerve 
system in turn dependent upon a secretion from the 
eyestalks as regulated by light conditions. These ex- 
periments would be of little value as a test of this 
explanation were it not that opportunities for thig- 
mostimulation were provided in abundance to experi- 
mental animals. 

Several evidences are offered to show that inhibition 
of crayfish locomotion, besides being controlled by 
inhibitory nerve fibers that extend from the brain to 
the legs, depends upon a chemical that comes from 
the eyestalks. The most important of these evidences 
are: locomotion is maintained indefinitely at a high 
level of intensity following ligation of eyestalks 
(Welsh’s method 1930); latent periods that precede 
locomotion immediately following ligation of eye- 
stalks or decrease of light intensity are too great in 
duration to be regarded as latent periods of nerve 
impulses; locomotion is maintained at a high inten- 
sity following puncture or maceration of tissue in 
the bases of eyestalks whether or not nerve fibers are 
injured mechanically; locomotion is rarely influenced 
when optic nerves are pierced longitudinally through 
ommatidia by means of pins. Increase in locomotion 
following ligation of eyestalks is not due to failure 
of optic stimulation as might occur provided lack of 
blood supply were to cause cessation of function of 
the retina or optie nerves or both. This conclusion 
is based upon the fact that results following ligation 
of eyestalks were the same whether operations were 
carried out in illumination or darkness (Table 11). 

Consistency of results is not as high as would be 
desirable for injections of eyestalk extract. How- 
ever, since several other types of experiments pro- 
vide evidences that are about 100 per cent consistent, 
evidence from eyestalk extract injection experiments 
are not needed. 

If Schallek’s injection experiments did not have 
an inhibitory influence on locomotion, then many of 
his experimental crayfishes should have shown an 
increase in their locomotion following injection of 
extract (although they did not show an increase) 
in a manner similar to what occurred for controls in 
the present research. Researches of Scudamore sup- 
port the author’s conclusions concerning the influence 
of eyestalk extract injections. 

Employment of a cathode-ray oscillograph should 
determine whether nerve impulses. from the eyes or 
brain or both vary periodically from day to night 
in their intensity, and if so, whether eyestalk hor- 
mone or light or both regulate such variations. The 


author is following his present study with such a 
research program. 
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TABLE 12. Comparison of locomotor intensity before 
and after injection of eyestalk extract and physiological 
saline solution. Summary: 21 decreases, 9 increases, and 
2 indifferent in experiments with eyestalk extract; for 
controls: 6 decreases plus 3 slight decreases, 10 increases 
plus 1 slight increase. injection of salt solution; 
+: injection of telson muscle extract; —: crayfish held 
out of water for 4% minute. 
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SUMMARY 

Activity of the crayfish, Cambarus virilis Hagen 
was recorded automatically by means of a recording 
lever and activity unit switches. 

For a portion of experiments carried out to deter- 
mine the influence of light on locomotion, some fac- 
tors (temperature, pH, and oxygen concentration) 
remained constant. Records were obtained for cray- 
fishes subjected to natural light fluctuation, con- 
tinuous illumination, and continuous darkness; and 
some individuals were subjected to reversed illumina- 
tion, a condition in which they were exposed to 
6-foot candles light intensity at night and kept in 
darkness during the daylight period. Locomotion 
was also recorded for crayfishes kept in an outdoor 
pond while all environmental factors (light, oxygen 
concentration, temperature, and pH) were allowed to 
vary as would occur for natural crayfish habitats. 

To determine the possible influence of oxygen con- 
centration, temperature, and pu, light intensity re- 
mained constant. The amount of dissolved oxygen 
varied from 9 ml. to 1.0 ml. per liter. In separate 
tests, pH varied from 7 to 8.6 and 7 to 6.0. Temper- 
ature fluctuated from 1° to 12° for a number of 
records while crayfishes were exposed to natural light 
fluctuation. Temperature varied as low as 1° C. for 
some tests to as high as 26° C. for others. 

Laboratory and outdoor ponds were provided with 
running water. Food was continually available to 
crayfishes for all tests except those designed to de- 
termine what effect the presence of food would have 
upon intensity of locomotion. 

To ascertain possible influences of eyestalk hor- 
mone and of nerve impulses upon locomotor tendeney, 
eyestalks were removed. They were ligated in sepa- 
rate experiments. Optic nerves and circum-oesophag- 
eal commissures were cut. Eyestalk extract was 
injected into a number of spec’mens. Temperature 
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Light 
remained constant during at least a portion of tests 
for each type of experiment. 


remained constant during physiological tests. 


Cambarus virilis Hagen is not necessarily negative 
to light (Shelford 1914, pp. 308, 312). However, 
automatically recorded data checked by direct ob- 
servations show that individuals remain quiescent 
during most of the period that they are subjected 
to illumination above twilight intensity (Fig. 3) and 
that they remain secluded during most of the daylight 
period to the extent that shelter is available. 

The fact that the virilis crayfish is preyed upon 
when opportunities are found by certain fishes, tur- 
tles, and several species of birds which are partly 
diurnal (Eaton 1910, 1914) shows that the ecrayfish’s 
strong tendeney to limit locomotion outside of niches 
to the nocturnal period is a protective adaption. 
Some type of adaptation for protection of species 
from predators is essential to prevent their complete 
destruction. Noeturnalism is only one of the main 
types of ecologically equivalent adaptations that pro- 
tect organisms from a majority of possible predators. 
Retreat into turbid pools, retreat under stones or 
other shelters, and mere immobility upon an appro- 
priate background are other methods of concealment 
from predators. One method of concealment may be 
more effective than others. Nevertheless, the impor- 
tant point is that all of these methods are aceording 
to available evidence on the whole successful (Cott 
1940, Borradaile 1923, pp. 87, 88, ef., Roberts 1942). 

The following types of activity en are theo- 
retically possible: (1) periodie activation of proto- 
plasm that tends to be immobile, (2) periodic 
inhibition of protoplasm that tends to be perpetually 
mobile, and (3) a combination of (1) and (2). Loeo- 
motion of the virilis crayfish fits the last category 
so far as it is possible to judge by available knowl- 
edge (Figs. 17, 18, 20, 21, and 22; Roberts 1936, 
1941). 

Reactions to environmental influences among vari- 
ous organisms differ in complexity and in amounts 
of time that elapse between stimuli and responses. 
This research shows that relatively complex mecha- 
nism—a hormonal mechanism—is involved in bringing 
about quiescence of Cambarus virilis. It also shows 
that latent periods that occur for locomotor responses 
of erayfishes to changes in illumination are relatively 
slow in comparison to reaction periods required for 
most responses by most animals, yet these latent. 
periods are sufficiently brief to help adapt crayfishes 
to their environments. 

It has not been shown for many species of animals 
other than Cambarus virilis that fluctuation of a 
single environmental factor—such as light—is capable 
of regulating an animal’s community movements 
(during the growing season) independently of the 
extent of fluctuation of temperature, oxygen concen- 
tration, and pH as long as the latter stay within 
their normal ranges. It is usually assumed that re- 
sponses of animals are governed by many influences, 
i.e., by complexes of stimuli. 








382 


TABLE 13. Summary of experiments. 5068 hours of 
activity recording including 1152 hours for which activ- 
ity units were not counted.() 
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Condition oy E 1s 3| ® 
. | 2 a = 
2 | 1é a. 
S| | 38] - 
Zs |\Z& = 
Fluctuation of all | | 
environmental factors. .| 25 | 24 600* 5 7 |100 
Natural light fluctu- 
ation, constant tem- 
perature . eer i Be 576t 3} 3 |100 
Continuous darkness...| 75 | 24 | 1800 9 3 | 90 for 
| | lstday 
Continuous illumination} 20 | 24 480 3 3/- 
Reversed illumination..| 10 | 24 240 2] — |100 
Oxygen (9.0-3.5 ml.| 10 2 | 20 | 5 5 |100 
experiments + 3.0 ml.; 1 | 24 24 i) Oi 
1.7 ml.) 10 | 2 20 5 | 5 |100 
pH (7.0-8.6...) 10 | 2 20 | 8| 2 {100 
experiments 4 7.0-6.5 z 7 2 14 | 4) 3 100 
170-6) 4| 2 8 | 2| 2 |100 
Pins through eyestalks . “10 1, (24) 10, (240)| 5 5 | 90 
Temperature Experi- | 
ments: During light 
fluct. and temp. fluct. 
(1-12° C.). -ckiseet ae | ae * (600 ) 5 7 |100 
Constant temperature 
(13-26° C.)... ee Be | t (576) 3 | 3 |100 
Food experiments......| 25 1 | 25 5 | 5 | 96 
9) 1 9 3 | 3 |100 
Remov. al of eyestalks . 7 1, (24) 7,(168)} 5 | 2 |100 
5 » (24) 15, (360)| 10 2 |100 
Maceration of e eye tissue| 6 ; (24)) 6, (144); 2 2 |100 
Ligation 1 of eyestalks ..| 10 1, (24) 10, (240); 8 | 2 |100 
Injection he eye extract.) 32 1 32 24 8 | 66 
CONCLUSIONS 
1. Exposure of the crayfish, Cambarus_ virilis 


Hagen, to illumination of moderate or brilliant in- 
tensity results in release of an eyestalk chemical that 
causes locomotor tendency to become greatly reduced. 

2. Crayfishes which have their eyestalks removed 
ean live without food for a considerable number of 
days when kept in running water aquaria, and they 
remain active for many weeks or months when both 
oxygen and food are provided in abundance. These 
facts are significant, for they show that requirements 
for food and oxygen are when eyestalks are 
present (greater when eyestalks are absent), and they 
lead to the conclusion that eyestalks either direetly 
or indirectly inhibit the crayfishes’ metabolism or 
metabolie rate. [To justify the conclusions just men- 
tioned, certain other facts must be taken into account; 
these are: (1) Complete normal crayfishes usually 
live for months when kept in still water aquaria 
whether or not food is provided. (2) Crayfishes left 
without food in still water aquaria die within several 
days following removal of their eyestalks (Brown & 
Cunningham 1939).] 

3. Light brings about reduction of locomotion at 
least in part by causing eyestalks to release a chem- 
ical which reduces metabolic rate, though the exact 
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extent to which locomotor intensity is influenced by 
metabolic rate is not known. It is reasonable that a 
chemical released from the eyestalks in the presence 
of light brings about a low locomotor intensity 
through modifying one or more instinetive tendencies 
by affeeting the brain or other ganglia. Physiolog- 
ical characteristics that might be modified as a con- 
sequence of illumination and release of eyestalk 
chemical so as to lead to reduction or inhibition of 
locomotion are: (1) inerease in negative phototropie 
tendeney, (2) increase in thigmotropie tendeney, and 
(3) tendency to cease movement of locomotor ap- 
pendages possibly due to raised stimulation thresholds 
of leg muscles to spontaneous nerve impulses from 
ganglia. (4) The possibility also exists that strength 
of nerve impulses from brain or ganglia to leg mus- 
cles is lowered by eyestalk chemical. 

4. The great duration of latent periods and results 
of several types of experiments performed oppose the 
possibility that the brain or other ganglia might have 
their instinctive tendencies modified directly through 
nerves starting with the optie nerves. 

These conclusions allow for the fact that bright 
divest illumination often strengthens the occurrence 
of locomotion—at least for a time—as long as 
shelter or opportunity for considerable contact stim- 
ulation are not immediately available. Negative 
phototropism may be partly responsible for crayfishes 
remaining in seclusion niches during the daylight 
period and for consequent quiescence that accom- 
panies confinement to shelters. 

6. As long as temperature, oxygen concentration, 
and pH remain within their ordinary ranges in the 
ambient medium, their possible effects upon locomo- 
tion are dominated by the influence of light. 

7. It has been shown for Cambarus virilis that 
fluctuation of a single environmental factor, light, is 
capable of regulating an animal’s movements through 
communities. 

8. Cambarus virilis locomotes outside of niches 
about one-tenth as much during the day as at night 
and remains secluded in niches during the brighter 
part of the daylight period to the extent that shelter 
is available. 

9. Feeding is correlated with locomotion that oceurs 
outside of niches and must, therefore, occur mainly at 
night. Encounter with food usually causes locomo- 
tion to be checked to a considerable extent so as to 
allow consumption of food. This is evidence — that 
locomotion oceurs partly as an adaptation for 
securement of food. 

10. The locomotor rhythm of Cambarus virilis is 
partly a result of the direct influence of a marked 
change in light intensity as oceurs when night com- 
mences and is in part a result of an acquired en- 
dogenous tendency to move about at twenty-four hour 
intervals. Response to decreasing light intensity 
much more pronounced and consistent than reaction 
to increasing illumination. 

11. Cambarus virilis comprises one of the foods of 
certain fishes and turtles and several species of birds. 
Some of these predators feed at least in part during 




















October, 1944 


the day. The tendeney of Cambarus virilis to limit 
its locomotion outside of niches to the nocturnal 
period is an adaptation that protects this species to 
a considerable extent from the majority of its pos- 
sible predators. 

12. When all environmental factors remain constant 
during subjection of erayfishes to darkness, the 
average amount of locomotion that oeceurs at 20° C. 
is greater than the average amount which oceurs at 
10° C. When erayfishes are subjected to natural 
light fluctuation, the average amount of locomotion 
which oceurs between 20° and 26° C. per twenty-four 
hours is greater than the average amount that occurs 
between 10° and 20° C. There are great variations in 
locomotor intensity between 1° and 26° C., and it is 
impossible to find a definite correlation between cer- 
tain temperatures between 1° and 26° C. and definite 
amounts of locomotion. 

13. Cambarus virilis feeds largely upon plants, 
plant fragments, and seeds produced in terrestrial 
communities. 

14. Reactions to environmental influences differ in 
complexity and the amount of time that elapses be- 
tween stimulus and response. Action may be carried 
out by direct protoplasmic response or by remote 
control through function of a nervous or humoral 
mechanism, or by a mechanism that involves both 


nervous and hormonal influences. This research 
shows that a hormonal mechanism is involved in 


bringing about quiescence of Cambarus virilis. This 
is of ecological significance, for it explains the slow- 
ness of the crayfish to respond to marked changes 
of light intensity. It is ecologically significant also 
because it is a principal explanation for the influence 
of illumination in bringing about quiescence of an 
animal species. 
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Fig. 1. Pulley switch. ¢, counterweight; ew, contact wheel; i, enamel insulation; p, balsa pulley; sc, silver 
contact point; sr, silver ring contact; t, thread (extending from a 0.2 gram weight to animal). The balance wheels 
and pivot screws are clock parts, and the plates are cut from clock frames. The mounting consists of sheet copper. 
The base is wood. A chronograph is made by attaching a tin can to the axle of a time clock after removal of the 
hour-hand gear. Sandpaper is glued to the curved surface of the drum, and a heavy roller is fixed so that it can 
rest upon recording paper and drum. 

















October, 1944 Lieut, EyestALK CHEMICAL, AND CERTAIN OTHER FAcTORS 























oe. 
i-- 
¢ --¢ 
| g 1 
110 volts --h 
A. C. 110 
volts 
srs 4v. D.C. | | 
E recorder rect. 





Fig. 2. Sliding bridge activity unit switch. b, sliding 
bridge (0.5 gram) ; ¢, contact point; h, hinge; i, enamel 
insulator; 1, lead or pen; p, pulley; t, thread. Employ- 
ment of a relay is not necessary as recording magnets 
that operate on 110 volts (A. C.) are obtainable. 
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Fie. 3. Locomotion of Cambarus virilis Hagen in a 
simulated natural environment. Average of twenty-five 
records. 
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Fig. 4. Activity during natural light fluctuation, con- 
stant temperature. Average of twenty-four records. 
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Fig. 5. Activity during reversed illumination at con- 
stant temperature. Activity is correlated with period of 
artificial illumination, not with chronological time. Actu- 
ally, the periods of darkness and illumination started at 
various hours. 
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Fig. 6. 


Activity recording apparatus, lever method (adapted from Spencer 1929). 


A, aquarium; Ac, aquar- 


ium cooling pan; C, counterweight; Ca, black cardboard; F, felt; G, glass plate; H, heater; I, heat insulator pan 
to remove heat rays from lamp; K, kymograph drum; Lh, lamp housing containing 60 watt lamp; M, celluloid 
marker; St, silk thread; T, lever; Th, thermostat; Wi, water inlet; Wo, water outlet; Wp, waxed paper. 
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Fic. 7. Temperature control apparatus. h, heater 


(60 watt lamp) ; hot plate; r, relay; t, thermo-regulator ; 
w, water reservoir. 
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Fic. 8. Activity during continuous darkness. Sum- 


9 


marized in Tables 1, 2, and 3. 

A. Combination of B and C. 

B. Low temperature series (average temperature 10.1 
C.). 

C. High temperature series (average temperature 20.2 
C.). Continuous line ———: 
Broken line 


for the first four days. 
: after the seventh day. 
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marized in Tables 1 and 2. Continuous line : 

average of all records (twenty records). Broken line 
average for the first three days (13 records). 
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Fig 10. Alteration in distribution of activity aecord- 

ing to the length of time crayfishes remain in darkness; 
based upon Table 3. 
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Fig. Proportions of individuals showing pro- 


if. 
nounced nocturnal and diurnal activity in relation to 


time that crayfishes remain in darkness; based upon 
Table 3. Dise: percentage showing pronounced noc- 
turnal activity; open circle: percentage showing pro- 
nounced diurnal activity. 


Peaks represent the average activity per hour for the two consecutive 
hours having the highest number of activity units in each recom. 


Averages of activity peaks for each series of records (Table 3) 
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Average activity per hour for each series of records (Table 3) 
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that crayfishes remain in darkness. Measurement of 
rhythmicity is based upon the difference between average 
activity and the highest activity peak for each column 
of records listed in Table 3. Records of ¢7, $8, and 
Q2 are not included in this analysis. 
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illuminated to locomotor intensity following marked re- 
duction of light intensity. Typical samples taken from 
several records for each illumination period. 






































a I i oa | 3Fe Los Fe ee 
” { il 
no # 
= 
2 
> 60 | 
s 
= 30 
= 
4 
< 
0 
Ca Core 
g a 
v ae 
” 
& } | 
z | 
> 60 | | 
a | 
- | 
> 50 | 
5 eae 
gy aa : 
° —_—_—_—_— 
11AM iPM IAN 10 il 
Fig. 14. Influfnee of reducing light of various in- 
tensities. Typicgl samples taken from several records 


for each light intensity. 











Fig. 15. Apparatus for controlling pH. 



















Fic. 16. Operation techniques. A. Technique of cutting optic nerves just anterior to brain. B. Manner in 
which opening is held closed by wire following operation. C. Manner in which optic nerves are severed and eyestalks 
ligated. D. Pins in eyestalks. 
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Table 8 and Fig. 18. A. Broken line: locomotion fol- 
lowing removal of one eyestalk; continuous line: loco- 
motion following removal of both eyestalks. B. Diagram- 
matie curve of locomotion of eyeless crayfish. 
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Fic. 19. Relation of locomotion to penetration of optic 
nerves by pins based upon Table 9 and an individual 
record. A. Relation of activity to penetration of optic 
nerves by pins (no significant or permanent influence). 
B. A twenty-four hour record of a crayfish with pins 
This record was made while 


penetrating optic nerves. 
oxygen per liter in habitat 


there were three ml. of 
medium. 
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The excerpts are representative of all records. 
thirty days after eyestalks were removed. 
hours. 
were removed. 





Part of an activity recording of an eyeless crayfish showing typical lack of prolonged rest periods. 


were taken at random from one twenty-four hour record 


Eyestalks were removed from animals conditioned to darkness for 36 
Crayfishes were transferred to aquaria exposed to natural light fluetuation two hours after their eyestalks 
Each hour of locomotor recording is represented by nine inches of recording tape. 
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Table 13. A. Immediate influence of ligating eyestalks. 
B. Diagrammatic twenty-four hour activity curve of a 
crayfish that had eyestalks ligated. 
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Fie. 21. 
prolonged rest periods. 


one of ten records four days after eyestalks were ligated. 


to natural light fluctuation. 


Part of a twenty-four hour activity recording of a crayfish having eyestalks ligated showing lack of 
The excerpts are typical and represent all records, 


They were taken at random from 
The records were made while crayfishes were subjected 
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NATURE AND DEGREE OF RECOVERY OF GRASSLAND 


FROM THE GREAT DROUGHT OF 1933 TO 1940* 


INTRODUCTION 

For eight years drought had prevailed in the mid- 
continental grasslands. 
Minnesota, Iowa, and Missouri had been woefully 
depleted. 
Rocky Mountains had been nearly or entirely de- 
stroyed. But now the parched soil was wet once 
more, wet to a depth of several feet. The hot dry 
air was now warm and moist. The terrible dust 
storms had ceased. A changed environment had come 
at last, for this was the end of the long period of 
drought. Thus, in 1941 the long delayed recovery of 
vegetation began. The nature of this complex phe- 
nomenon was now to be revealed and the sequence 
of recovery to be recorded. 

It was with new hope but also with a sense of 


* Contribution No. 143 from the Department of Botany, Uni- 
versity of Nebraska. These studies were aided by a grant from 


The true prairie west of 


Mixed prairie farther westward to the 


new responsibility that the writers continued their 
field studies. For here was nature at work repairing 
the damage of a great catastrophe, a catastrophe that 
has probably occurred many times in the long history 
of grassland, but one of which there is no written 
record. Methods were a continuation of those used 
in previous studies. In permanent quadrats, which 
were charted or clipped, in selected prairies and 
ranges where extensive histories had been built up 
year by year, and by annually photographing definite 
areas, nature has been permitted to tell her own 
story of progressive recovery. Special attention has 
been given to the reproduction, migration, establish- 
ment, and competition of individual species of grasses 
and forbs, and to plant succession. Intensive studies 
were combined with extensive observations in as many 
widely separated stations as seemed feasible (Fig. 1). 
It seems clear that the methods and sequence of re- 
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Fig. 1. 


Outline map of the region showing stations mentioned in the text and figures and certain other stations 


where studies were conducted. The general area where the basal cover was nearly always less than 35 per cent in 


1943 lies south and west of the irregular line. 
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as those in the range lands from southern Canada 
to central Texas. For convenience of presentation, 
and because the dominant grasses of true and mixed 
prairie are often different, recovery in true prairie 
has been described first. This is also in agreement 
with earlier reports (Weaver & Fitzpatrick 1932, 
1934; Weaver, Stoddart, & Noll 1935; Albertson 
1937, 1938, 1939, 1941; Albertson & Weaver 1942, 
1944; Weaver & Albertson 1936, 1939, 1940, 1940a, 
1943). 
INVIRONMENT IN TRUE PRAIRIE 

Conditions in grasslands have been ameliorated 
greatly since the end of the drought. Changes ean 
best be appreciated by comparing the water relations 
as expressed by precipitation, evaporation, and soil 
moisture with those of the final years of desiceation. 

PRECIPITATION 

The mean annual precipitation at Lincoln and 
Hebron, Nebraska, and at Belleville, Kansas, is 27.9, 
27.3, and 26.2 inches, respectively. Precipitation at 
each of these stations during the last two drought 
years (1939-40) and the three of postdrought is 
shown in Figure 2. The differences in precipitation 
during drought and recovery are especially marked 
in the very high rainfall (except at Lincoln) in 1941, 
when Hebron received 39.8 inches and Belleville 42.2. 


F. W. ALBERTSON AND J. E. WEAVER 
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in 1943 an excellent vield of grasses was produced. 
The soil had a good reserve of water in spring, and 
rainfall was normal or far above normal from April 


until August (Fig. 3). 


Thus, rainfall was nearly as 


high and often much higher from April to August 


than during the preceding year. 


But late summer 


drought occurred at all stations in August and 
September. 
APRIL JULY 
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Fig. 2. Annual precipitation in inches at Lincoln 
(left) and Hebron (black bar), Neb., and Belleville, 


Kan. (right), 1939 to 1943 inclusive. 


This abnormally high annual precipitation was due 
largely to more than 11 inches at both stations in 
June, and 10 and 7.6, respectively, in September. 
This excess moisture wet the subsoil to at least 6 
feet in depth (Weaver & Albertson 1943). Hence, 
the nearly normal precipitation the following year 
promoted excellent growth. Rainfall in 1943 was 
about the same in amount as that in 1940. Actually, 
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Fic. 3. Precipitation in inches by months at Lincoln 
(left), Hebron (black bar), and Belleville (right) 1939 


to 1943 inclusive. 


EVAPORATION 


The monthly evaporation from a free water sur- 


face, as recorded by the U. 


S. Department of Agri- 


eulture at Lincoln, is shown in Table 1. 





TABLE 1. Monthly evaporation in inches and_ total 
evaporation for the six summer months at Lincoln, 
Nebraska. 

Year Apr. | May | June | July | Aug. | Sept. | Total 
1939... 6.3 9.4 8.7 10.7 8.8 | 9.9 | 53.8 
1940... ‘4 | 6.2 | 8. 11.4| 6.2] 5.8 | 42.4 
1941 tok 7.0 | 10.9 | 10.2 | 6.6 
1942.....) 6.1 5.6 | 6.8 | 9.4 8.0 | 4.3 | 40.2 
1943... 6.8 | 6.2 | 7.9 | 8.9 8.1] 5.5 | 43.4 


Examination of Table 1 


shows at 
high evaporation rate during each month in 


the very 
1939 and 


once 























October, 1944 


the high total of 53.8 inches. Although the total loss 
decreased to 42.4 inches the next year, that of both 
June and July was higher than on any of the fol- 
lowing years. Water loss in 1942 and 1943 totaled 
13.6 and 10.4 inches less, respectively, than that oi 
1939. 

WarTeR ConTENT OF Sori 

Since much precipitation may be lost not only by 
runoff and interception by the plant cover, but also by 
direct evaporation from the soil as well, a more accu- 
rate picture of the amount of water available for plant 
growth may be obtained by frequent soil sampling. 
Water content to a depth of 6 feet was ascertained 
in 1939 to 1941, inelusive, at all three stations 
(Weaver & Albertson 1940, 1943). This work was 
continued during 1942 and 1943 at Lincoln, and sam- 
ples were also taken occasionally at the other sta- 
tions. In general, amounts of soil moisture at Hebron 
and Belleville were similar to (but at times greater 
than) those ascertained in the upland prairie at Lin- 
coln. Percentages of water in the charts are those 
of total water content of soil minus the hygroscopic 
coefficient, which was determined for each soil depth. 
This is considered as water available for growth. The 
samples were all from a Carrington silt loam with a 
mature profile. The hygroscopic coefficients at the 
several depths were 8.9 and 8.4 per cent in the first 
foot and 10.5, 11.1, 9.7, 10.8, and 11.2, respectively, 
for each successive foot in depth to six feet. After 
1940 samples were obtained from a new but adjacent 
sampling area where the hygroscopic coefficients, in 
the same sequence of depths, were 9.0 and 9.6, 9.9, 
10.6, 12.8, 13.5, and 14.0 per cent, respectively. 

In 1939, early spring sampling showed an available 
water supply of 5 to 20 per cent or more in the sur- 
face two feet (Fig. 4). Between 2 and 6 feet in 
depth there was 2 to 5 per cent of water available, 
a condition which prevailed throughout the growing 


season. No water was available for growth in the 


10% TO 19.9% 


caterer 20% OR MORE 


Fig. 4. Available soil moisture to a depth of 6 feet 
at Lincoln, Neb., during 1939 (left panel), 1940 (cen- 
ter), and 1941 (right panel). Mean annual precipitation 


is 27.9 inches. Numbers at top of the columns are dates 


[_] NON- avaiLasLe 


ie LESS THAN 2% 


2%, 10 49% 


Ej sy to 99%, 


of sampling; those at the base are total current monthly 
rainfall in inches. 
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Fig. 5. Available soil moisture to a depth of 6 feet 


at Lineoln, Neb., during 1942 (upper) and 1943 (lower). 
Numbers at top of columns indicate the first, second, 
etce., week of the month; those at the base are total 
current monthly rainfall. 


surface 6 inches of soil in May or August, and the 
6- to 24-inch depth had less than 2 per cent water 
available nearly throughout June, July, and August. 

In 1940, drought began in June and was very 
severe throughout July. No water was available for 
growth in either the first or second foot of soil, and 
less than 2 per cent in the third and fourth foot. 
Dry subsoil prevailed until September, although 
rains in August moistened the upper 2 feet. 

That soil moisture was much higher in May and 
June of 1941 is clear. But at this station deficient 
rainfall both in July and August resulted in late 
summer drought. Conditions were greatly improved 
in 1942, the weekly samples revealing only rarely 
a temporary reduction of available water to less than 
2 per cent (Fig. 5). Ten per cent or more water 














398 F. W. ALBERTSON 
was constantly available in the soil in April, May, 
and June of 1943. Even during July, August, and 
early September, 2 to 10 per cent moisture was con- 
stantly present. But in the subsoil below 4 feet the 
deeply rooted vegetation had depleted the supply 
until less than 2 per cent was available. 

The water relation was the controlling factor in 
drought. Water loss from both plant and soil was 
accelerated, however, by high temperatures, dry air, 
and excessive wind movement. During the three 
years of recovery temperatures were not abnormally 
high as they were during the drought years, nor was 
humidity unusually low. Wind movement was less 
than during the drought, and dust storms did not 
occur. 


SEVERITY OF DROUGHT IN 1934 

The most severe drought ever recorded in true 
prairie occurred in 1934. It began in early spring 
and became intensified with the progress of the sea- 
son. Soil moisture was gradually depleted. By July, 
no water to a depth of 4 feet was available for 
growth on the uplands. Beginning after the middle 
of June and continuing until late in July, a terrific 
heat wave swept over the prairie. The scorching sun 
seared the grasses as if by fire, and life in all but 
the most deeply rooted forbs retreated underground. 
No rain fell, clouds were rare, the light was intense, 
and hot southerly winds blew as from a desert. After 
bleaching the upland vegetation to patches of brown 
and white, drought crept down the slopes, even into 
mesic and hydrie ravines (Fig. 6). Here the vege- 
tation first exhibited the yellow-green color charac- 
teristic of great drought, then most of the grasses 
wilted and dried. Only on the best protected, north- 
facing hillsides did the belt of green extend a little 
way up the slopes. On lowlands along the Missouri 
River, entire meadows of big bluestem were wilted 
or dried, the red and bronze colors of late autumn 
August. Even slough grass was 


appearing in 





Fic. 6. Effects of drought on grassland. Bluestem 
pasture near Lincoln, Neb., on April 20, 1935. Nearly 
all of the native grasses (light colored) have been killed 
and Kentucky bluegrass is alive only in the ravines. 
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dwarfed, wilted, and the foliage half dry, and eat- 
tails in the marshes beeame dry and brown (Weaver 
& Albertson 1936). 
EVALUATION OF CONDITIONS IN 1935 

The degree of destruction was ascertained during 
Fortunately this was 
one of approximately normal precipitation and af- 
forded conditions favorable to the recovery of vege- 
tation. Changes were evaluated in more than 30 
prairies in Iowa, Nebraska, and east-central Kansas. 
Each of these had been fully studied just before the 
drought (Weaver & Fitzpatrick 1934). 


the following growing season. 


DECREASE IN PERENNIAL GRASSES 

Most prairies on the deep loess and glacial soils of 
southwestern Iowa had not been harmed. Others had 
suffered a loss of 20 to 50 per cent of certain grasses 
Death by drought in- 
creased southwestward, from very great losses on 
slopes and hilltops to 80-90 per cent destruction 
even on nearly level areas farther west. All of the 
native grasses suffered some loss, but death was 
greatest among those with relatively shorter roots: 
little bluestem (Andropogon scoparius), June grass 
(Koeleria cristata), needle grass (Stipa spartea), and 
the invading Kentucky bluegrass (Poa pratensis). 
Losses often occurred widely but especially where 
Prairie drop- 
seed (Sporobolus heterolepis) also sustained losses 
which, like those of Indian grass (Sorghastrum 
nutans), often amounted to 80 or more per cent. Big 
bluestem (Andropogon furcatus), because of its 
deeper root system, was usually injured least. Losses 


on the most exposed slopes. 


these grasses occupied the drier soils. 


among interstitial low grasses and forbs were often 
practically complete after the protecting cover of the 
tall grass dried (Fig 7). 





ria. 7. 


Bared soil between bunches of relict grasses, 
mostly big bluestem and side-oats grama, on north-facing 
slope near Valparaiso, Neb., May, 1936. 





Loss oF UNDERSTORY 


This great destruction to species of the understory 
gave the grassland its distinctly open appearance. 
Among these species, the following were most con- 
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spicuous: Kentucky bluegrass, Seribner’s panic grass 
(Panicum scribnerianum) and various other species 
of pantie grasses of low stature, purple lovegrass 
(Eragrostis spectabilis), and ticklegrass 
Forbs which suffered 
prairie cat’s-foot (Antennaria 


Fg Lgrostis 


hiemalis ). great losses were 


campestris), violets 
(Viola papilionacea and V. pedatifida), and species 
of: milkwort (Polygala). The true of 
downy gentian (Gentiana puberula), prairie ragwort 


same was 
(Senecio plattensis), species of ground-cherry (Phy- 
salis), and rosettes of hawkweed (Hieracium longi- 
pilum). Moreover, the soil mulch of fallen leaves, 
ete., had almost entirely disappeared. 

Where drought was only moderately severe, the 
small patches of bare soil, a square foot or less in 
area, were so plentiful that they formed an irregular 
but continuous network among the widely spaced 
plants (Fig. 8). Where destruction of vegetation 
had been greater, these openings of small size graded 


into larger ones, one to several square vards in extent 





Fie. 8. Effect of drought in producing much bare 
soil in climax cover of bluestem grasses on a north-facing 
slope near Lincoln, Neb. Photo in July, 1938, after 
considerable recovery. 





Fig. 9. 
except 
rough pigweeds and other ruderals. 
Photo in June, 1939, 


Typical nearly bared space in bluestem prairie 


for some surviving tufts of grass and a few 
Note presence of 
much bare soil. 
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(Fig. 9). Elsewhere the plant cover was so deci- 
mated that the soil appeared almost bare. It had 
maintained only the remnants of a former population 
(Weaver & Albertson 1936). 

Seedlings of most native grasses were not abun- 
dant in 1935. 
early germination; the soil had lost its 


The dry spring was unfavorable to 
mulch of 
debr's, and there was often little protecting shade. 
Seedlings of many-flowered aster (Aster multiflorus ), 
daisy fleabane (Erigeron ramosus), and weedy species 
were produced in abundance. 


INCREASE OF CERTAIN NATIVE FoRBS 

Certain widely distributed, long-lived forbs im- 
mediately profited by the thinning of the prairie 
They spread rapidly and widely. Aster 
multiflorus became a bad weed in many of the prai- 
ries throughout the entire area, but not in all. It 
was almost absent in some that were greatly dis- 
turbed. It ranged from great 
complete temporary control over one-fifth to one-half 
of certain large prairies (Fig. 10). So numerous 
were the somewhat woody, tangled stems produced 
from the widely branching rhizomes, that they 
formed an almost thicket-like growth. Beneath them 
were the dead crowns of the bluestems or intermixed 
with them were the relicts of big bluestem and other 
Other perennial forbs that were of unusual 
local abundance in some of the prairies were smooth 


cover. 


local abundance to 


grasses. 


goldenrod (Solidago glaberrima) and prairie mug- 
wort (Artemisia gnaphalodes ). 





Fig. 10. 
completely covered with Aster multiflorus. 


A hillside in drought-bared prairie almost 
This nearly 
worthless native forb spread widely over hundreds of 


prairies following the opening of the sod. Photo in 


September, 1938, Lincoln, Neb. 


The winter annual, Erigeron ramosus, had beeome 
a bad weed in about half of the drought-damaged 
It grew so thickly that frequently 20 to 
30 plants per square decimeter clothed the bare soil 
The stems attained a 
height of 12 to 30 inches and dried in midsummer. 
Other annual prairie forbs that occurred in very great 
abundance but only dur:ng this first year following 


prairies. 


where the grasses had died. 
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the drought were sleepy ecatchfly (Silene antirrhina) 
and Venus’ looking-glass (Specularia perfoliata). 


INVASION OF RUDERALS 


Certain ruderals, normally not found in prairies, 
became widely distributed. 
densiflorum) was common to abundant in the bare 
places throughout nearly all of the prairies. This weed 
was often a good indicator of the amount of bared 


space (Fig. 11). 


Peppergrass (Lepidium 


In many places it grew so thickly 





Fig. 11. Dense stand of peppergrass (Lepidium 
densiflorum), a weed which was very abundant following 
the early years of drought. Average height is 14 inches. 
Photo June 7, 1937. 
that the seed literally covered the soil beneath the 
densely aggregated plants. Horseweed (Leptilon 
canadense ), With stems frequently 2.5 to 3.5 feet tall, 
was common to abundant in the prairies of the east- 
ern half of the area and in some of the more westerly 
Goatsbeard (Tragopogon pratensis) occurred 
most abundantly eastward. It varied from 
stands to widely seattered plants, but was always 
very conspicuous. Chess (Bromus secalinus) oceurred 


ones. 
dense 


in very great abundance in the western part of the 
area where it frequently eovered whole hillsides in 
the drought-stricken grassland. Downy brome (B. 
tectorum) also was found in moderate amounts but 
mostly eastward. Where wind-blown dust had cov- 
ered considerable portions of certain prairies, nu- 
merous annual weeds grew thickly. Chief among 
these were Russian thistle (Salsola pestifer), lamb’s 
quarters (Chenopodium album), and rough pigweed 
They also oceurred, al- 
though sparsely, elsewhere. Where the prairie was 
covered with thick stands of native forbs, now re- 
leased from their usual competition with the grasses, 


(Amaranthus retroflexus ). 


or where annual weeds were present in abundance, 
it had the appearance of a weedy pasture. Here the 
percentage of remaining prairie sod was small. 
INCREASE OF CERTAIN NATIVE GRASSES 
Despite the drought and indeed as a result of it, 
certain native grasses had inereased greatly. Six- 
weeks fescue (Festuca octoflora) had become abun- 
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dant in the bare areas in eastern Nebraska and 
Kansas prairies. Its brown alternes covered the 
dead bodies of the former dominants. Westward the 
variety F. o. hirtella was so abundant that it had 
complete possession of various hilltops and slopes 
where the dominant had died. The light, 
very abundant seed ripened in July and was broad- 
east widely by the high winds. 

Buffalo grass (Buchloe dactyloides), in grassland 
bordering the mixed prairie, spread rapidly both by 
stolons and and thus inereased its holdings. 
Seedlings of the very drought resistant blue grama 
(Bouteloua gracilis) thrived. They frequently grew 
from scattered down the hillsides, since this 
grass was locally common in the eastern prairies 
only on the ridges and driest upper slopes. The 
clumps and patches of established plants usually had 
remained intact even in places where all the little 
bluestem and most other grasses had died. The plants 
tillered profusely and eovered much soil. Indeed, 
from them a new type or community of vegetation, 
nonexistent in predrought true prairie, had its origin. 
The spreading of short grass, however, was slow and 
restricted in comparison with the widespreading and 
rapid invasions of western wheat grass. 


grasses 


seed 


seed 


Agropyron smithii made the greatest increase of 
any native grass. Formerly confined to the thinner 
soils, saline areas, or greatly disturbed places west- 
ward and occurring only sparingly in the eastern 
prairies, it finally rose to first importance among 
the dominants and occupied fully one-half of the 
entire prairie area. Hence, it deserved careful consid- 
eration. It was entrenched at least in small patches in 
all of the disturbed prairies and had taken possession 
of extensive areas in others (Fig. 12). At first the 
stand was thin and the stems seattered, but soon it 
consolidated its holdings into dense vegetation with 
one to two thousand per square meter. In 
some prairies it covered one-third of the entire area 
wide. 


stems 


often in great belts or alternes several rods 





Area in which big bluestem has died of 
drought being invaded by western wheat grass (Agro- 


Fig. 12. 


pyron smithii). The lines of leafy stems indicate the 
position of the new rhizomes. 
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In one it had complete possession of half the area 
and outposts were well entrenched in every square 
rod of the remaining half. It promptly populated 
portions of prairies overwhelmed by dust. Its vigor- 
ous growth in the bared or semibared places in early 
spring, and its migration by long, slender and 
branched rhizomes were distinct assets. 

Thus, the year 1935 revealed not only the tremen- 
dous losses of a stabilized vegetation, the wide spread- 
ing of native forbs released from competition, the 
beginning of great invasions by weedy grasses and 
forbs, but also signs of recovery. Recovery was 
shown mostly by the slow spreading of drought re- 
sistant short grasses and especially by the extremely 
rapid invasion of wheat grass. But Was 
only intermittent through the following years, since 
drought again prevailed. 


recovery 


RECURRENCE OF SEVERE DROUGHT 

The year 1936 was one of severe drought. The 
plant cover was open, nearly all upland vegetation 
was greatly dwarfed, and drought again took a very 
heavy toll. Western wheat and the short 
grasses, however, thrived. Wheat grass utilized the 
reserve of moisture in the soil following 1935, which, 
coupled with the moderate spring rainfall in 1936, 
promoted the continued spread of this drought evad- 
ing grass. It greatly extended its territory in nearly 
all of the prairies. Blue grama is highly drought 
resistant and buffalo grass only slightly 
These grasses thrived as long as any soil moisture 
It has 
been demonstrated experimentally that seedlings of 
these short grasses remain alive after all or nearly 


grass 


less so. 


was available, and extended their territory. 


all other dominant prairie grasses have died (Mueller 
& Weaver 1942). 

The following year was also one of drought al- 
though conditions were usually less severe than in 
1936. The moist spring, however, was very favor- 
able for the early-growing wheat grass. But the low 
summer rainfall and dry soil were extremely detri- 
mental to late developing grasses. Moreover, the 
weedy annual grasses and forbs, which still grew 
thickly in the very open cover of perennials, rapidly 
reduced the water supply in spring and thus increased 
the intensity of drought. Big bluestem and other 
grasses already weakened by the past vear of desicea- 
tion suffered further Aside from the short 
grasses (blue grama and buffalo grass), needle grass 
and prairie dropseed probably suffered least among 
Forbs decreased greatly; even the 


losses. 


the dominants. 


abundance of Aster multiflorus was considerably 
reduced. 
$ narizing, ese 70 drv vears resulte i 
Summarizing, th tw Iry years resulted in 


great advantage to wheat grass and the short grasses, 
since they thrived while their competitors waned. 
Short-lived annuals had increased both in species and 
abundance and had played an essential role in pro- 
tecting the bared soil from erosion by wind and 
water. But the less xeric predrought vegetation had 
advanced but little beyond its stage of recovery at 
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the end of 1935 (Robertson 1939). The next grow- 
ing season, however, was one of good rainfall and 
there was marked improvement. 
RECOVERY IN 1938 
A year of approximately normal 
(1938) resulted in an exeellent growth of vegetation, 
a great increase in its amount, and the production 
The growth 
of wheat grass was greatly accelerated. It extended 
its dominance even more widely and especially into 
places that had been vacated by the recent death of 
relict vegetation. By competition for water it sup- 
pressed many plants or fragments of communities 
left in the territory it had invaded. The patches and 
alternes of thriving short grasses, although usually 


precipitation 


by most species of a large crop of seed. 


still very open, became denser as an abundance of 
tillers and seedlings developed. In addition, buffalo 
grass spread by stolons. 

Outside the wheat grass communities especially, 
there was in the aggregate much bare, unmulched 
soil left open for colonization. This varied greatly 
in the different prairies; in those most damaged one- 
half to two-thirds of the soil was still unoceupied. 
The great quantities of decaying root material 
coupled with periods of humid weather in spring 
supported the growth of an unusually abundant and 
widespread population of fungi. The red stinkhorn 
(Simblum was most abundant 
(Fig. 13). During the moist spring and early sum- 
mer it was found widely and usually thickly dis- 
tributed in nearly all of the prairies. Ten or more 
fruiting bodies per square meter were frequent on 
low ground, and often the air was foul with the 
nauseating odor produced by this saprophyte. 


sphaerocephalum ) 





Detail of bared soil at Crete, Neb., on May 
22, 1938, showing abundance of fruits of the red stink- 
horn (Simblum sphaerocephalum) whieh was thriving on 
decaying material in the moist soil. 


Fig. 13. 


The weedy stages of the subsere had nearly dis- 
appeared in many prairies and especially in those por- 
tions occupied by wheat grass. Aster and Erigeron 
had likewise greatly decreased. But in other prairies 
where the cover was less developed the foliage of 
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Aster formed half the cover and Erigeron was so 
abundant that in June the prairies appeared at a 
distance as if covered with patches of snow (Fig. 14). 





Photo on June 20, 1938, in former bluestem 
prairie near Lincoln, Neb., of dense cover of daisy flea- 
bane (Erigeron ramosus). 


Fig. 14. 


Extensive alternes of Festuca octoflora also prevailed. 
Had this grass been removed, many square rods of 
soil would have lost 95 per cent of their cover. Most 
native forbs were represented by only 15 to 20 per 
cent of their normal population. 

The grasses that had withstood the two successive 
periods of intense drought made a good recovery. 
There was a considerable thickening of the vegetation 
resulting from the increased water content of soil. 
Big bluestem had leaves 2 to 3 times the normal 
width. Nearly all the grasses grew to an unusually 
large size and produced so much seed that it seemed 
each species was endeavoring to reclaim the entire 
area for its kind. Needle grass had seattered its 
seedlings widely and thus extended its original hold- 
ings in a remarkable manner. Prairie dropseed, also 
more drought resistant than the bluestems but less 
widely spread than needle grass, repopulated areas 
adjacent to the former stands of greatly thinned 
parent plants (Fig. 15). But other native 
grasses were intermixed and these types were as yet 
only dimly defined. Big bluestem thickened its stand 
remarkably where it occurred in ravines and on lower 
Where it had remained uplands, it 
promptly reclaimed much of the space made bare by 


many 


slopes. on 


the death of little bluestem and even on_ hilltops 
attained an unusually large size. Even little blue- 


Thus, there was fore- 
shadowed the reestablishment of former communities 


stem was slowly recovering. 


of vegetation. 
June grass aided greatly in covering the soil with 


vegetation and side-oats grama (Bouteloua curti- 


pendula) had spread widely in all but a few prairies 
and filled many of the interspaces between the other 
It is drought resistant; many bunches had 
Its rank growth and enormous 


grasses. 


persisted since 1935. 
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production of seed was followed in 1939 by a marked 
wave of dominance which, un'ike that of wheat grass, 


was not long ma/ntained. It was w-dely distr:buted 


in many wheat grass communities. 





Fig. 15. Prairie dropseed (Sporobolus heterolepis) at 
left, and small bunch of side-oats grama (Bouteloua 


curtipendula). Both are drought resistant grasses. They 
seeded abundantly in 1938. Photo late in August. 


The outstanding conditions in 1938 were a_ better 
to fairly complete occupation of the soil by grasses, 
although some were weedy annuals, and considerable 
Most forbs that had in- 
creased were now greatly reduced or were being sub- 
There 
was nearly everywhere a remarkable spread of big 
bluestem, side-oats grama and blue grama, and, in 
many prairies, of needle grass and prairie dropseed. 
This was in addition to the constant advances and 
consolidation of western wheat grass over much ter- 
rain. But in only a few prairies, notably at Belle- 
ville, Kansas, and Hebron, Nebraska, had the several 
types of vegetation become clearly and definitely de- 
fined (Weaver & Darland 1944). This remarkable 
process was to be delayed by two more ot 
drought. 


reduction in bare ground. 


dued, and ruderals were much less abundant. 


years 


DROUGHT OF 1939-40 

Early spring was dry in 1939; then followed a 
period of rainfall, but severe drought oceurred in 
midsummer. Western wheat grass did not flourish. 
This was due in part to the unfavorable environ- 
ment and perhaps partly to its remarkable growth and 
great seed production the preceding year. Moreover, 
wheat grass had to compete for water with an enor- 
mous stand of side-oats grama which was widely dis- 
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was an excellent early growth of 
other vegetation and the foliage cover became dis- 
tinetly thicker. Although the forb population, in- 
cluding the weedy aster, gradually diminished, a _re- 
markable repopulation of grasses had begun. Seed- 
lings were plentiful, at least those of the more xerie¢ 
Since the grasses were not closely grouped, 


tributed. There 


grasses. 
competition for water was less severe than normally. 
Moreover, weeds were relatively few. 

The enormous amount of side-oats grama, which 
grew to full stature and competed successfully with 
wheat grass, was an impressive sight. Indeed, it 
thrived as the wheat grass waned. It was often the 
most abundant species outside of wheat grass areas 
as well. But its dried leaves whitened the landscape 
in August and never again did it attain such promi- 
Big bluestem likwise dried and lost its green 
color. It was badly damaged; much of it died in 
midsummer and nearly all green color disappeared 
from the landscape, so severe was the drought. But 
blue grama had increased greatly in early summer. It 
produced an abundant crop of seed and maintained 
its record of continuous gains, desvite the deteriora- 
tion of nearly all other vegetation. 

A dry to moist spring, varying with location, and a 
dry summer characterized 1940, the last year of great 
desiccation. A lack of reserve moisture in early 
spring accentuated the drought. Wheat grass made 
good progress in invading the weakened relict vege- 
tation or nearly bared areas resulting from its death. 
A vigorous growth of this sod-former occurred at all 
stations. It thickened its former stands and spread 
widely throughout the short grasses as well. In faet, 
in many prairies it had so nearly overwhelmed all 
other vegetation that only another year was needed 
to complete the change from true prairie to mixed 
prairie. This widely spread phenomenon resulted in 
part from the gradual building up of a short-grass 
understory to wheat grass or to the spreading of 
wheat grass into areas occupied by the constantly 
spreading blue grama and buffalo grass (Weaver 
1943). 

Losses of side-oats grama were very great. On 
some prairies all but 1 per cent had died by spring, 
except in lowlands where about 5 per cent remained 
intact. The dead plants formed an open, light-colored 
laver below the wheat grass. Nowhere did it thrive. 
A diseased condition, resembling mosaic, which be- 
“ame widespread caused the death of many plants, 
but most sueeumbed to fall and winter drought 
(Fowler & Weaver 1940). Even the early blossom- 
ing needle grass failed to produce seed. Big  blue- 
stem attained a height of only 8 inches on low 
ground. By midsummer all the grasses were dry and 
discolored. They crunched underfoot like straw and 
would have burned readily. Annual yield was reduced 
to less than half normal (Weaver & Albertson 1943). 

This was the close of the long period of drought. 
It was followed by three years of nearly normal or 
above normal precipitation which kept the soil almost 
constantly moist. Rain also moistened the deep sub- 
soil, most of which had been permanently dry for 


nence. 
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several years. Vegetation made a good recovery and 
the subsere of weedy grasses and forbs gradually 
gave way to the several communities of perennial 
grasses. 

This ten-year period of great changes in grasslands 
may now be summarized: 


1933 
Drought threatened 
Precipitation 7 inches below normal 
Severe drought in mixed prairie westward 


1934 


A year of great drought 


1935 

Approximately normal precipitation 
Extent of losses revealed 
Spreading of certain native forbs 
Invasion of ruderal forbs and grasses 
Western wheat grass spread widely 
Short grasses increased 

1936-37 
Severe recurrent drought except early in spring 
Further losses of less xerie grasses and forbs 
Abundance of annual weeds 
Steady increase in amount of wheat grass 
Short grasses increased 

1938 
Approximately normal precipitation 
Continued spread of wheat grass and short grasses 
General recovery and thickening of cover 
Decrease in amount of bare soil 
Fewer ruderals; decrease in native weedy forbs 


1939 
Moist spring and early summer; then severe drought 
Wave of side-oats grama; wheat grass waned 
Short grasses increased 
Vegetation suffered from desiccation 


1940 

A year of drought 
Great losses of prairie relicts and side-oats grama 
Wheat grass and short grasses possessed entire prairies 
Mixed prairie developed (1938-41) 

1941-43 
Normal to above normal precipitation 
Great 
Other prairie types became well established 
Cover increased; forbs slowly reappeared 


reco very 


RECOVERY; DEVELOPMENT OF GRASSLAND 
TYPES’ 

With the reeurrence of years of normal or above 
normal precipitation, vegetation recovered. At first 
the processes were slow, since deep dormaney often 
follows great drought, but later they became greatly 
accelerated. When the weedy native forbs had been 
subdued by the increasing population of grasses, 
when the annual grasses and weeds had been mostly 
replaced by perennial grasses, and when the dominant 


1 The term type is used for brevity and in the same sense as 
community. It indicates no special ranking. The unit of vege- 
tation which each type or community represents is indicated 
where it is described. 
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species through competition had replaced the former 
interstitial ones, there crystallized out of the hetero- 
geneous drought populations several very definite 
grassland communities or types. In fact, the western 
wheat grass type had grown steadily year by year 
almost from the beginning of drought. Likewise, the 
short grasses had migrated into new territory and 
gradually claimed it for themselves. 

Other types were less clearly defined since dominants 
were much intermingled, and subdominant species 
such as side-oats grama and June grass at times 
played a leading role in repopulating the bared soil. 
Even in 1940, much soil was still open to invaders 
in some prairies, and many places were populated only 
thinly by individuals of a potential grassland type. 
But with better conditions for growth, all bared places 
were reclaimed. Competition sorted out the perma- 
nent dominants from the seral or temporary ones, 
and the boundaries of the communities in the mosaic 
of prairie patterns became quite definite. 

In a few prairies this stage had been attained as 
early as 1938; in most it was reached only during 
1941; and in some the process is not yet complete 
and portions of these prairies consist of mixed, un- 
stabilized remnants of drought relicts. 

In true prairies not entirely overwhelmed by western 
wheat grass, these types in 1940 were needle grass, 
prairie dropseed, and blue grama. Other common 
communities were the mixed prairie type, big blue- 
stem type, relict big bluestem—little bluestem, and 
mixtures of several species without expression of 
dominance. These communities varied in size from a 
few square rods to many acres. One 15-acre prairie 
for example, which was mapped in detail, revealed 
5 types each of which was dominated by a single 
species and 8 mixed types where two species in each 
were in definite control (Weaver & Darland 1944). 

THE SUBSERE 

A complete view of the methods and extent of 
recovery of vegetation cannot be had without con- 
sideration of the early and intermediate stages of the 
subsere. This ineludes a study of the early annuals, 
of native forbs which survived and increased, and of 
ruderal forbs and grasses. 

EARLY ANNUALS 

The Iowa prairies that suffered some damage were 
repaired rather promptly by a spreading of stiff tick- 
seed (Coreopsis palmata), many-flowered aster, and 
prairie dropseed. Seareely any annuals appeared. 
But west of the Missouri River immediately following 
the 1934 drought, there occurred a great scourge of 
annual grasses. The most abundant of these were 
six-weeks fescue, chess, and little barley (Hordeum 
pusillum). These were nature’s shock troops which 
temporarily held the bared soil against the forces of 
erosion. During the earlier years they frequently 
constituted the major portion of the vegetation, but 
as the prairie was reclaimed by long-lived species 
these annuals filled the remaining network of bared 
soil. Finally they became merely interstitial species 
or failed to reproduce. 
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When great bare areas occurred everywhere, when 
plants of the understory had disappeared, and when 
erosion by water and wind seemed imminent, great 
alternes of six-weeks fescue clothed the naked soil. 
The density and extent of these stands were astound- 
ing. Bunches consisting of 20 to 30 stems growing 
out of the dead crowns of little bluestem were found 
reguarly. Two hundred such aggregations of stems 
in a single square meter were common. Frequently 
dense stands with plants 20 inches high alternated 
sharply with bare soil. Festuea furnished only a 
temporary living cover. But even after it dried and 
lodged it protected the bared soil from sun, wind, 
and flood (Fig. 16). Also when the prairie had been 
mowed, the stem bases were so numerous—often 100 
per square inch—that they greatly protected the soil. 
Enough seed to cover the whole area had not been 
produced and portions of the prairie remained un- 
planted. Festuca associated intimately with the 
greatly thinned stands and dwarfed individuals of 
all the grasses. 





Fig. 16. Dense stand of the annual six-weeks fescue 
(Festuca octoflora) on June 24, 1935. The dark back- 
ground is western wheat grass. 


Even after the severe drought in 1939, six-weeks 
fescue occurred in large amounts throughout the 
prairie. It is still abundant wherever small open 
places occur. So thick was the usual stand that the 
plants were ordinarily dwarfed to a few inches in 
height, but they nearly always produced some seed. 
Whether living or dead, great numbers of this dimin- 
utive and slender grass formed a mulch which greatly 
accelerated water infiltration into the otherwise bare 
soil. The mulch also prevented rapid drying of the 
soil. Festuca is one of the few grasses that also 
occurred more or less regularly in the short-grass 
sod. Thus, six-weeks fescue was not only a seral 
dominant in the early years of drought but continued, 
although in decreasing abundance, throughout; finally, 
with the restoration of the grass cover, it was found 
only in the minor bare spaces. Of inestimable value 
in the recovery of prairie from disastrous losses, it 
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is rapidly being relegated to its former place as a 
very minor grass. 

Bromus secalinus (or closely related species) be- 
‘ame abundant in grassland soon after 1934. This 
chess occurred in great amounts in the western part 
of the area where it frequently covered many acres 
in the drought-denuded grassland. Eastward, only 
local patches were common. 

Little barley increased enormously and made green 
the landseape in places which would otherwise have 
been almost bare. Its role was similar to that of 
six-weeks fescue. Formerly of a great abundance 
and always increasing in amount on dry years, it 
finally filled only the smaller interspaces, instead of 
occurring as before in large patches or continuously 
over extensive areas. It still remains as a “filler” in 
open ground and regularly ocurs in association with 
the short grasses and in the understory of western 
wheat grass. 

Certain native forbs became extremely abundant 
when the competing grasses were handicapped or 
overcome by the drought. Two of these, both of very 
minor significance in stabilized prairie, reached in- 
eredible numbers in 1935 and 1936. Both were an- 
nuals, Silene antirrhina and Specularia perfoliata. 
Seed was undoubtedly seattered everywhere by the 
wind, but the source of so much seed especially from 
these rather infrequently occurring species has never 
been determined. Since the seeds of both species are 
as small as specks of dust, they may have been blown 
long distances. The eatehfly oceurred widely and was 
found in all but a few of the most westerly prairies. 
In the bared areas the plants occurred in large num- 
bers and often reached more than twice their usual 
stature. Neither again appeared in unusual numbers 
after the second dry year, 1936. 

More local but serious infestations of Tragopogon 
pratensis occurred during the early vears of drought. 
Like the preceding species, this ruderal was found 
rather regularly over the eastern portions of the 


drought-opened prairie. In the thousands of small 





Fie. 17. 
pida with Plantago purshii in prairie where other plants 
Photo in June, 1937. 


Characteristic dense patch of Hedeoma his- 


have died. 
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bared places, which appeared to have been burned 
into the prairie cover, this coarse biennial was both 
abundant and conspicuous. In more continuously 
open places it grew in great masses. 

A species of small stature and formerly found only 
associated with predrought short grass is Hedeoma 
hispida. When much dry, bare soil prevailed, this 
mixed-prairie mint became established very widely in 
all situations and was especially common in wheat 
It has persisted, although in decreased abun- 
dance, and is still a widespread component of the 
several communities found in true prairie. Its seeds 
are light and easily distributed by the wind (Fig. 17). 


grass. 


LONG-LIVED NATIVE FORBS 

The three chief longer-lived forbs that profited 
greatly by the death of their competitors and spread 
most widely were Aster multiflorus, Solidago glaber- 
rima, and the winter annual, Erigeron ramosus. All 
three species ranked among the ten most widely dis- 
tributed and abundant predrought forbs. They are 
composites with light, wind-blown seeds. Erigeron 
develops from rosettes; the others possess very abun- 
dant and efficient rhizomes by means of which they 
endured the drought. 

Aster multiflorus (ineluding A. batesii) spread 
widely until it constituted a dense, tangled, weedy 
growth over many acres. It did not oceur in all of 
the prairies, but over considerable areas where 
drought had struck hard and wheat grass had not 
invaded it was practically the only species. The 
plants no longer formed bunches but a more or less 
uniform stand. It became so abundant that within a 
short time it ruined many of the prairies or large 
portions of them for the production of hay, because 
of its brush-like growth. So numerous were the 
plants and so low was the light intensity in their 
deep shade that any relict grasses were much atten- 
uated and seedlings, even in good years, grew with 
difficulty. At first it seemed that it might dominate 
many prairies, and it did maintain its rise to impor- 
tance for several years. The plants normally attained 
a height of 1.5 to over 2 feet. As a result, consider- 
able native sod was broken because of the seriousness 
of this pest. Of course, it did protect the soil. 

Many-flowered aster gave way rather readily to 
invading wheat grass. At Carleton, for example, 
where large bared areas were occupied by uniform 
stands of this forb in 1935-36, it decreased greatly 
in 1937-38 as wheat grass spread. By 1940 it had 
vanished. In many other prairies it diminished in 
amount in 1937 and rapidly after 1938. But even 
during the dry year of 1939, approximately one- 
third of the land in some of the worst infested prai- 
ries had more aster than grasses. Plants with 50 
or more woody stems from a basal diameter of 6 
inches reached a height of 18 inches and had a spread 
of tops of 2.5 feet. These were often closely spaced. 
But more frequently the more open type prevailed 
with 1 to 4 stems in a place and rather widely spaced 
on the rhizomes. In all prairies it became greatly 
suppressed by 1942. In a few, however, it was repre- 
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sented by large patches until 1943. With increased 
competition from the thickening stand of grasses, 
especially after 1942, the stands were further thinned. 

Solidago glaberrima became a grassland weed some- 
times as widely spread as the aster. Blossoming at 
a height of 30 inches (in 1935) it appeared through- 
out some prairies either as a continuous, compact 
society or a series of isolated smaller ones. The 
dense patches resulting from extension of the rhi- 
zomes could best be evaluated in July in years with 
enough rainfall to promote flower production. The 
densest stands grew where the soil had been most 
bared. Its behavior was very similar to that of Aster 
but it was not so widespread either locally or over 
the region as a whole. 

Erigeron remosus made such an enormous increase 
in so.many of the true prairie areas (mostly east- 
ward) that it was an outstanding feature during the 
entire drought period. The plants were not only 
abundant but of greatly inereased stature. Over 
many acres of bared soil plants 2.5 to 3 feet in height 
were grouped so closely that their inflorescences 
formed a continuous pattern (Fig. 18). Over even 
wider areas, in patches of perhaps 30 to 60 acres, 
they filled the numerous interspaces between the re- 
maining bunches and mats of relict grasses. Although 
the amount of daisy fleabane gradually decreased as 
the perennial grasses came back, it still maintained 
great abundance in 1938-40. Its numbers varied 
greatly, however. Since it had to start anew each 
year, with decrease of open spaces in the sod it has 
returned nearly to predrought abundance. Its ro- 
settes were frequent in wheat grass, the stature and 
seed production depending upon water content in 
spring and early summer. 





Fig. 18. 
growth of Erigeron ramosus in background. 


Typical open space in prairie with dense 
Note relict 
big bluestem and lead plant on the right and rosettes of 


daisy fleabane in the foreground. June, 1938. 


The wide distribution and dense 
certain forbs with large storage organs first became 
marked during the moist spring of 1938. They were 
formerly of relatively small abundance and little im- 
Chief among them 


aggregation of 


portance in stabilized prairie. 
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were violet wood-sorrel (Jono.ralis violacea), spider- 
wort (Tradescantia bracteata), w-ndflower (Anemone 
caroliniana), and wild onion (Allium mutabile). 
They formed dense patches a few square feet to many 
square yards in area; in fact, with the continuing 
drought their numbers constantly inereased and they 
were also found in many new locations (Fig. 19). 





Fig. 19. 
(Tradescantia bracteata) in June near Jamaica, Neb. 
This species profited greatly by the opening of the prai- 
rie sod. 


Characteristic dense stand of spiderwort 


Societies of closely spaced wild onion occupied many 
acres of low, normally wet land. Where as many as 
200 seapes with flowers occurred per square meter, 
little grass remained. Jonoxalis and Anemone, espe- 
cially, were associated with the invading wheat grass 
and often formed a layer beneath it. All are still 
abundant but they are being reduced in amount with 
the establishment of a denser prairie cover. 

Other native forbs that inereased greatly in certain 
prairies but usually only early in the dry eycle were 
Senecio plattensis, Artemisia gnaphalodes, Achillea 
occidentalis, all perennials, and the biennial Gauwra 
parviflora. 


RUDERAL FORBS AND GRASSES 

Among the ruderals, Lepidium densiflorum spread 
like a scourge in 1936-37 from the Missouri River 
to the Rocky Mountains. Dense patches of small size 
to great extent occurred in the bared soil. This weed 
was often 14 inches tall with widely spreading crowns 
so closely spaced that the soil was nearly obscured. 
But with the wet spring of 1938, it almost vanished. 
It recurred later, but in greatly reduced amounts, 
especially in the more westerly prairies. But else- 
where it was mostly confined to local areas greatly 
disturbed by dust deposits. 

Pursh’s plantain (Plantago purshii) also profited 
by the open soil and for a time greatly increased. 
But like the annual horseweed (Leptilon canadense) 
it varied greatly from spring to spring, depending 
upon the conditions for growth. The small plants 
were usually greatly aggregated. They ripened seed 
early, and were thus well fitted to escape drought. 
In general, the plantain decreased rather early. Lep- 
tilon was prominent until 1938, when it practically 
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disappeared from the prairies but only to become 
abundant again in the more open ones with a con- 
tinuation of drought. Indeed, it oceup‘ed a few bared 
places as late as 1942. 

Various brome addition to Bromus 
secalinus, played an important part in establishing 
a temporary cover. B. tectorum entered certain prai- 
ries in small amounts in 1935 and had spread lightly 
over many by 1936 (Fig. 20). In others it was only 
locally abundant as a colonist along with Pursh’s 
plantain. Its abundance was somewhat proportional 
to the amount of bared ground. Where brome grass 
of any species grew thickly and seedlings of other 
grasses occurred, they were always attenuated. Even 
the bunches of June grass had very slender stems 
with a minimum of foliage. The flower stalks were 
much fewer, more elongated, and the spikes small as 
a result of the shade. In some great patches downy 
brome formed an extremely dense cover and was 
finally ousted by wheat grass or recovering bluestems 
only in 1943. 


grasses, in 





Fig. 20. 


Downy brome (Bromus tectorum) in a prai- 
rie near Nelson, Neb., where it covered several acres of 


drought-bared soil. Photo in June, 1937. 

The enormous amounts of water absorbed and 
transpired by Bromus tectorum are indicated by the 
following experiment. On March 27, 1943, three 
square tubs with a total surface area of 7.15 square 
feet were partially filled with moist potting soil. Sods 
were cut 4 inches deep from dense stands of Bromus 
tectorum where it grew thickly in a pasture. The 
plants were green but only 1 to 2 inches tall. The sod 
was placed firmly on the soil in the tubs and packed 
very tightly in such a manner that the soil surface was 
an inch below the rim of the tub. The tubs were then 
weighed and placed with others on planks laid on the 
bluegrass sod in a lawn. A frame was built around 
the tubs to protect the sides from sunshine. The 
plants grew during the rather cool but dry, sunny 
spring until May 8. They were weighed every 10 
days and watered as necessary, about once each week, 
to maintain the original weight. The amount of 
water received directly from rainfall was measured 
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by means of a rain guage placed near the tubs. Thus, 
a record was secured of total water lost by trans- 
piration plus evaporation from the surface soil. 

The stand was very dense. The plants were 11 
inches tall and beginning to bloom at the end of the 
experiment. They were then used to determine the 
amount of rainfall interception. This was accom- 
plished by weighing a wire basket of the same area 
tub. The basket was made of fine-meshed 

woven wire so that when the thickly growing plants 
were cut off at the ground line they could be placed 
in an erect position in the basket. The weight of the 
wet basket (i.e., thoroughly sprinkled with water) 
plus that of the freshly eut plants was quickly ascer- 
tained. Water was then sprayed on the plants and 
basket for about 5 minutes. They thus became thor- 
oughly wet, as after a rain. As soon as dripping 
from the basket ceased (in about 5 minutes) the 
weight of the wet basket plus the wet plants was 
determined. 

It was found that 42.1 pounds of water had been 
lost per square foot from the plants and soil during 
their 42 days of growth. The amount of water held 
after a single wetting was .81 pound per square foot. 
The great density of the stand has been mentioned. 
Probably downy bromegrass never grows so thickly 
continuously over an entire acre. But under the con- 
ditions of this experiment the water loss per acre 
was 917 tons. Interception of rainfall totaled more 
than 17.6 tons per acre from the single thorough 
wetting. These data are indicative of the enormous 
amounts of water lost from the soil through trans- 
piration by this weed, since under such a thick cover 
evaporation from the soil surface must have been 
small. It also indicates that large amounts of water 
are lost to the soil by interception, that is the rain 
water is held by the plants until it is evaporated and 
does not reach the soil. For example, Clark (1937, 
1940) has shown that “when an ineh of water falls 
during an hour, buffalo grass intercepts over 28 tons 
per acre, while prairie composed chiefly of big blue- 
stem may intercept as much as 53 tons per acre.” 

Bromus japonicus oceurred more locally, sometimes 
intermixed with other bromes, but frequently in dense 
stands. In one large, dust-covered, lowland area at 
Clay Center, for example, its dense shade and early 
use of available water so completely weakened the 
widely spaced bunches of bluestems, side-oats grama, 
and other natives species that they did not recover. 
Even after drying and lodging its smothering effect 
was pronounced. Finally wheat grass invaded and 
the brome grass decreased. 

After 1938, hairy chess (Bromus commutatus) was 
found in most of the prairies. In bare soil it grew 
thickly, but was thinly seattered elsewhere. It did 
not fill the smaller bare places in the same degree as 
six-weeks fescue. It occurred sparingly if at all in 
well consolidated stands of wheat grass, in fact large 
patches of this weed were completely replaced by the 
sod-forming perennial in 1942 and 1943. Nor was it 
plentiful in stands of big bluestem except where they 
were open. Indeed, by 1943 it had almost disappeared 


as a 
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or at least was found sparingly in most prairies. 

During the later years of drought and the early 
ones of recovery, hairy chess was usually scattered 
thickly in alternes of the short grasses, although with 
the closing of the cover it had disappeared elsewhere. 
After early ripening and drying its presence clearly 
demarked, even from a considerable distance, the ex- 
tent of the blue grama and buffalo grass which it 
overtopped. 

In 1943 a dense growth of hairy chess oceurred in 
nearly all types of vegetation, including needle grass 
and wheat grass, but not relict prairie areas where 
the cover was closed and normal prairie conditions 
prevailed. In early May when wheat grass was 8 
inches tall, the dead autumnal growth of the brome 

yas 1.5 inches deep and the dense stand of living 
plants grew 1.5 inches above it. The brome had 
grown not only around the bunches of needle grass, 
prairie dropseed, and others, but in them as well. It 
also grew thickly in wheat grass sod (Fig. 21). This 
was the condition in a 125-acre prairie near Crete 
and it also prevailed generally, except in vegetation 
that had become very dense. The dead bases and 
gray-green tops of the living plants gave a drab tone 
to the whole landscape. It formed a soft cushion- 
like mulch which thoroughly covered the soil. The 
amount of air-dried dead and living brome grass was 
about 22 grams per square foot or more than a ton 
per acre. Later observations showed that the weed 
did not attain a height greater than 9 to 12 inches, 
and only. 4 to 5 inches under wheat grass. The plants 
nearly all dried without producing flower stalks. 





Fig. 21. 


Dense stand of hairy chess (Bromus com- 
mutatus) 3 inches high near Crete, Neb., on May 1, 1943. 
It formed a layer under needle grass (above), under the 
new growth of wheat grass (lower right), and equaled 


in height the old leaves of side-oats grama (lower 


left). 
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Their presence had little harmful effect upon peren- 
nial grasses which flourished and developed exceed- 
ingly well during this good year. 


Certain prairies, in fact some parts of nearly all 
of them, were covered early with a thin to thick 
layer of dust blown from adjacent fields. Where the 
grasses were smothered or greatly harmed a large 
number of ruderals invaded. One of the most wide- 
spread was the Russian thistle, Salsola pestifer. In 
the early years of drought it was confined mostly to 
the western prairies. Later this weed thrived every- 
where during the driest years, even on wind-eroded 
soil. But it decreased during those with cold wet 
springs, and also as a new cover of grass developed. 

Lamb’s quarters (Chenopodium album) and rough 
pigweed (Amaranthus retroflerus) demarked rich, 
lodse soil by their dense stands and rank growth. 
Isolated plants or small groups of plants were also 
seattered widely. Annual sunflower (Helianthus an- 
nuus) was not uncommon in the weed stage of suc- 
cession in greatly denuded grassland. 

Witchgrass (Panicum capillare), foxtail 
(Setaria viridis), and lovegrass (Eragrostis cilianen- 
sis) were all more or less abundant in the dust-drifted 
and otherwise bared places. 

Often lack of much competition in the rich soil re- 
sulted in very good development of these weeds. In 
some local areas dust was deposited after a stand of 
wheat grass had developed. Such places were havens 
for many weedy species and from these centers seed 
was carried into other openings in the prairie cover. 
Here they grew rankly, except on the driest years, and 
gave the grasslands a very ragged appearance. In- 
deed, they could have been mistaken by the casual 
observer for weedy pastures or even weedy fields 
(Fig. 22). 


green 





Fig. 22. 
Neb., that is thickly populated with weeds. 
these 
annual sunflower, and lamb’s quarters. 
wind-blown dust during two or more years. 
the dust layer was 4 inches thick. 


Dust-covered bluestem prairie near Jamaica, 
Among 
are perennial ragweed (Ambrosia psilostachya), 
It had received 
In places 
Photo Sept. 15, 1943. 


In summarizing the role of native species, they 
may be considered in groups (Table 2). The first 
ineludes only 6 forbs and a grass, which at once in- 
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creased mightily as if selected by nature to ameliorate 
the condition of loss of cover. The role of Festuca 
octoflora, of Aster, Erigeron, and Solidago, so briefly 
and incompletely described, is worthy of deep and 
careful consideration by all students of grassland. 
They, with the annual and ephemeral Silene antir- 
rhina, Specularia perfoliata, and Hedeoma hispida, 
spread over the land, protected the soil, and con- 
tributed their dead remains to the formation of a 
new mulch. The importance of the following group 
which had the great advantage of abundant under- 
ground food accumulation has not been evaluated. 


TABLE 2. Relict grasses and forbs that greatly in- 
creased during drought, and chief ruderals occurring in 
the subsere. 





RUDERALS IN TRUE PRAIRIE 





Forbs and grasses. : 
native to true prairie Of wide 


distribution 


Locally common but 
irregularly distributed 





Festuca octoflora Bromus secalinus Acnida tamariscina 
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Aster multiflorus 
Erigeron ramosus 
Solidago glaberrima 
Silene antirrhina 


Hordeum pusillum 
Tragopogon pratensis 
Lepidium densiflorum 
Leptilon canadense 


Ambrosia trifida 

Bursa bursa pastoris 
Chamaesyce maculata 
Echinochloa crusgalli 





Specularia perfoliata Plantago purshii Lactuca scariola 


Hedeoma hispida Bromus tectorum Polygonum aviculare 


Bromus japonicus Polygonum 
Bromus commutatus 
Amaranthus retroflerus 


Chenopodium album 


Ionoxalis violacea pennsylvanicum 


Anemone caroliniana Solanum rostratum 
Tradescantia bracteata 
Allium mutabile Eragrostis cilianensis 
Erigeron annuus 
Achillea occidentalis Helianthus annuus 
Artemisia gnaphalodes| Panicum capillare 
Gaura parviflora Salsola pestifer 
Senecio plattensis Setaria viridis 


Sporobolus cryptandrus 











From the early entrance and tremendous develop- 
ment of stands of Bromus secalinus and other weeds 
in the list to Plantago purshii, inclusive, much pro- 
tection has been afforded the relict prairie species. 
They have been protected from direct insolation, 
from the removal of the soil about them by high 
winds and torrential showers, and they have benefited 
from additional water infiltration resulting from the 
presence, alive or dead, of the cover of weeds (cf. 
Weaver & Albertson 1943). Likewise, Bromus tec- 
torum and later arriving brome grasses and other 
species of this life-form served through the long 
years of the terrible drought in place of the protect- 
ing cover of native grasses, or with the returning 
cover, to preserve the soil. Even the presence of 
weedy forbs had its effect upon reestablishment of 
the prairie grasses. Sometimes this was harmful, as 
in exhausting the water supply and the utilization of 
too large a portion of the light; often it was bene- 
ficial in shading the grass seedlings, stilling the wind, 
warding off beating rains, and furnishing a protect- 
ing cover of debris. Destruction of the accumulated 
cover by fire as a means of weed control greatly re- 
tarded recovery. It removed the shade, decreased 
water infiltration, promoted runoff, and was thus 
especially detrimental to the drought-weakened plants. 
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Thousands of exposed and dormant crowns died, and 
seedlings succumbed to the heat of the fire or conse- 


quent conditions. Mowing the half-grown weeds and 
leaving them as a mulch on the soil would have pro- 
moted recovery. 

The only places where a complete subsere from 
bare soil to perennial grass occurred were in portions 
of prairies so deeply covered with dust as to smother 
all vegetation. Here annual weeds were soon re- 
placed by western wheat grass. Other areas nearly 
all had some relict climax grasses or at least some 
that reeovered from dormancy. No prairie was en- 
tirely destroyed. Since the openings in the cover 
were of variable size, and source of seed of species 
in the subsere varied greatly, stages of development 
were consequently different. Neither were the stages 
nor the seral dominants of a stage identical in dif- 
ferent portions of the region. Moreover, stages in 
recovery did not occur in a similar time sequence in 
the several prairies but varied greatly with local rain- 
fall. Good years hastened recovery, very dry ones 
retarded it or actually returned vegetation to an 
earlier stage. 

The manner in which even the most aggressive spe- 
cies yielded to the dominant grasses, once they were 
reestablished and good rains came, was of outstand- 
ing interest. During the long years of drought sev- 
eral prairie grasses of secondary importance increased 
greatly. For a time some held very high rank. But 
once most of the soil was reclaimed they decreased to 
more nearly normal proportions as the several cli- 
max or temporary climax dominants established con- 
trol in their respective types. 


NEEDLE Grass TYPE 
(Stipa spartea Consociation) 

The stands of needle grass were greatly thinned 
at the inception of drought. But by 1938 this species, 
in addition to holding all of its original territory, 
had spread widely. At Nebraska City in southeastern 
Nebraska, for example, a great ridge extended across 
a 160-acre prairie. Formerly only the northern crest 
of the ridge was dominated by needle grass. But in 
1938 a community of Stipa of great extent, with the 
single dominant furnishing 90 to 98 per cent of the 
grass cover, occupied not only the hill crest but ex- 
tended far down the slopes where it had replaced 
the bluestems. But in other prairies where its orig- 
inal holdings were smaller, invasions were less rapid. 

Near Lincoln, Nebraska, in 1938, on hillsides where 
one-half to three-fourths of the soil had been left 
bare, needle grass was common in open patches and 
as widely spaced individuals among the dead crowns 
of little bluestem. The old, relict bunches of needle 
grass were easily distinguishable from the smaller 
ones of recent origin. Many were protected by a 
thin stand of many-flowered aster. Otherwise the 
chief protection to seedlings was patches of six-weeks 
feseue. In the Pleasant Dale prairie this condition 
prevailed over most of the long, southwest slope of a 
hill for a distance of half a mile. Here 20 to 25 
bunches of Stipa per square meter with a_ basal 
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diameter of 1 to 6 inches were common. At Crete, 
Nebraska, somewhat similar conditions occurred over 
an area of 20 acres on the south- and west-facing 
slopes and top of a great hill. Formerly only a 
small portion was claimed by needle grass. 

A continuous spreading of this species has taken 
place into semibared areas regardless of slope, and 
even onto low ground formerly covered by big  blue- 
stem (Fig. 23). Here it found during the drought 
years a dry warm soil, similar to its usual predrought 
home on uplands. Its early growth in spring and 
rapid absorption of the meager available water sup- 
ply together with its early seeding habit aided greatly 
its development during the years with a moist spring 
and a dry summer. It greatly handicapped the 
growth of later awakening species which grew in the 
invaded territory. During almost every year of the 
drought, needle grass produced some seed. The large 
size and deep burial of the fruit, due to the twisting 
awn, insured germination even when the surface soil 
was dry. Except on the driest years, seedlings were 
common and establishment fairly certain. A good 
growth of widely spaced individuals occurred in 1939 
and on other moderately dry years, since there was 
little competition for water. 





Fig. 23. 
low ground along Salt Creek near Jamaica, Neb. 
replaced big bluestem and other lowland grasses. 
in June, 1943. 


Spread of needle grass (Stipa spartea) onto 
It had 
Photo 


By 1941 the great production of foliage even of 
widely spaced plants resulted in partially shading 
the soil. Enormous seed crops were produced and 
myriads of seedlings, sometimes as many as 20 per 
square foot (Fig. 24). Thus, communities of Stipa 
possessed plants of all ages from seedlings of the 
current year to old bunches 5 or more inches in basal 
diameter. As many as 50 to 60 small bunches, one 
or two large ones, and numerous seedlings per square 
meter were common in certain prairies even as early 
as the good year 1938. This condition now maintains 
widely. In fact, the stand of needle grass, which is 
often 80 to 90 per cent pure, has thickened and the 
plants matured until it now appears as a climax. The 
soil mulch has been restored and characteristic spe- 
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cies of the understory are gradually reappearing. 
June grass, Seribner’s panic grass, and other plants 
common to the community are present and, in facet, 
the entire plant cover is approaching stabilization. 
Stabilization is not complete, but at least the domi- 
nants are so firmly entrenched that the community 
may remain as such for many generations. 





Fig. 24. Seedlings of needle grass in nearly bare 
interspaces between established bunches near Woodlawn, 
Neb., in June, 1943. They averaged about 12 per 
square foot. Some grasses have been clipped. 

A field of fruiting Stipa is a magnificent sight 
(Fig. 25). The tall, wand-like stems are often so 
thick, as they bend gracefully under the weight of 
the seed, and the foliage cover so dense that the gen- 
eral appearance, until one separates the crowns, is 
that of a sod-former rather than a buneh grass. 
Actually the basal cover is very small, only about 13 
per cent, but in newly populated places it is greater. 
After the fall of the seed the four-foot stems, now 
bleached white, become erect. They and the broad, 
shiny glumes remain for several weeks and clearly 
demark the boundaries of the needle grass community. 





Pleasant Dale, 
1943. 


Neb., 
This is a 
The stems are 3.5 to 4 feet tall. 


Fig. 25. Needle 
heavily laden with 
typical climax stand. 


grass near 
seed on June 20, 
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The spread of needle grass during the dry cycle 
has been so great, from hilltop to lower slope (where 
it sometimes contacts the shrubs) and onto flood 
plains, that this type is surpassed in area only by 
western wheat grass and big bluestem (Fig. 26). 


This maintains despite the fact that Stipa does not 
occur in several of the southwestern prairies and only 
sparingly in that area. 





Fig. 26. New stand of mowed Stipa spartea in fall, 
1940, on portion of a prairie near Lincoln which for- 
merly had none, but was clothed with little bluestem in 
1934. 


PRAIRIE DROPSEED TYPE 
(Sporobolus heterolepis Consociation) 

Prairie dropseed was formerly of such small impor- 
tance that its communities held sixth place in pre- 
drought true prairie. After the first impact of 
drought it was thinned even more greatly than needle 
But it recovered without loss of territory and 
benefited greatly by the death of its competitors and 
consequent opening of new territory for invasion. 
Cessation of mowing, because of very little forage 
production during the driest years, permitted this 
late-blooming bunch grass to ripen abundant seed 
(Fig. 27). Seedlings became established over many 


grass. 





Fig. 27. 
protected from 
little bluestem and was producing a large crop of seed. 
Photo Sept. 29, 1940. 


Prairie dropseed (Sporobolus heterolepis) 
mowing at Lincoln. It had_ replaced 
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acres adjacent to old stands and developed into new 
bunches. This enormously increased the territory 
occupied by this type. 
especially, the prairie dropseed community occurs 
regularly. 

Older, widely spaced bunches attained a diameter 
of 12 to more than 18 inches and a foliage height of 
1.5 to 2 feet. The narrow greenish-yellow leaves 
curved gracefully outward and downward in summer 
and in winter lodged thickly in such a manner as 
to provide a muleh to a distance of 10 to 14 inches 
Formerly prairie drop- 
Like 
needle grass it spread down the slopes, often to the 
edge of ravines. The myriads of seedlings established 
during the better years of the drought rapidly grew 
into tufts and these into bunches. Once a good stand 
was attained, other grasses and forbs had difficulty 
in becoming established. It often stabilized its com- 
munities after 1941, almost to the exclusion of other 
species. But elsewhere more scattered individuals 
constitute an important component of a mixed type 
of vegetation. 


In more easterly grasslands 


around the base of the plant. 
seed shared the drier uplands with needle grass. 


WESTERN WHEAT GRASS TYPE 
(Agropyron smithii Consociation ) 

The early appearance of Agropyron smithii imme- 
diately 1934, its wide distribution and 
tremendous abundance as well as its remarkably 
successful competition with other species during the 
dry period have been very impressive (Weaver & 
Hansen 1941; Weaver 1942) (Fig. 28). In 1939, 
Weaver and Albertson stated that “extensive earlier 
surveys showed clearly that western wheat grass, al 
though a dominant of other portions of the true prai- 
rie, notably the hardlands of the Dakotas, constituted 
seareely any part of this association in the central 
prairie region. It occurred along roadways, occupied 
the compacted soil by the sides of trails through the 


following 





Fic. 28. 
grass, 18 inches tall, on June 25, 1937. 


Typical thick stand of well established wheat 
Note the lack of 
blossoming on this dry year and the characteristic ab- 


sence of litter on the bare soil. Under such stands true 
prairie species were robbed of their rightful water sup- 
ply and died. 
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prairie, and was found in abundance locally where 
a shallow claypan made conditions unfavorable for 
the growth of the usual dominants. Occasionally a 
few stems found about disturbances such as 
gopher mounds. In native pastures, centers of in- 
festation often occurred on knolls or about gateways 
where cattle or horses congregated and trampled the 
soil while stamping to free themselves of flies.” 

It had inereased in these places during the rela- 
tively dry years of 1932-33 and produced an abun- 
dance of seed. Moreover, about its centers of infec- 
tion in bluestem prairie there may have been rhizomes 
that produced few and relatively inconspicuous culms. 
When drought laid bare much prairie soil and great 
storms filled the air with dust, these high winds un- 
doubtedly carried the wheat grass seed as well along 
the bared surfaces. Almost always where layers and 
drifts of dust were formed, wheat was the 
early occupant. Unlike most other grasses, seed of 
wheat grass will germinate and the seedlings become 
established even when it is covered with two inches 
of soil. Sod may produce new stems when buried 12 
inches deep (Mueller 1941). Rodents and certain 
other animals also played a part in seed distribution. 
From countless local centers of infestation, wheat 
grass migrated outward by long rhizomes and formed 
cireular areas a few feet to a few rods in diameter. 
Where these were surrounded by stands of prairie 
grass they did not increase in size (Fig. 29). Like- 
wise, long narrow belts of wheat grass around the 
brows of hills indicated where early drought was 
most severe. Often whole hillsides were covered with 
pure stands of this grass, and many lowlands became 
a continuous area of undulating wheat grass stems. 


were 


grass 






Small outpost of western wheat grass in prai- 
22, 1938. Plants were 2 
Grasses 


Fig. 29. 
rie near Crete, Neb., on May 
years old and the stand was moderately dense. 
near it were fairly well intact and the wheat grass had 
not spread farther by 1943. 


Invasion was well advanced during the early vears 
of drought. When good rains came in 1938, wheat 
grass extended outward rapidly along the periphery 
of its established communities as well as into neigh- 
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boring ones not yet stabilized. Successful invasion 
of undisturbed true prairie has never been observed, 
but the method of invading relict prairie vegetation 
has been studied in detail. The rhizomes are extended 
between the remaining plants but rarely through their 
crowns. The first year stems within the newly in- 
vaded area occurred singly or in twos or threes and 
were widely spaced. “Forward progress was rapid 
but such gains were not consolidated until a second 
season of growth. Then the stems became aggregated 
and the territory well occupied. These marginal 
belts of advancing wheat grass were usually several 
yards wide. Indeed, the advance into new territory 
with a greater water supply was demarked by the 
greater stature, increased production of foliage, and 
more numerous flower stalks than in soil already 
oceupied. 

A good development of wheat grass, as pointed 
out elsewhere (Weaver 1943), is dependent upon 
available soil moisture in spring and early summer. 
Since there was usually little reserve water in the 
soil during the years of drought, wheat grass in its 
early and rapid growth often exhausted all or nearly 
all of the available supply of water before later 
awakening prairie grasses and forbs had made much 
growth. This resulted in the successful competition 
of wheat grass and in the dwarfing and finally the 
death of most other species (Fig. 30). This dwarf- 
ing effect was often pronounced even among the most 
deeply rooted forbs, plants regularly being reduced 
to one-half or less of their normal size (Weaver 
1942). There was very little competition for light, 
since even under a good stand of wheat grass about 
80 per cent of full sunshine reached the soil surface. 
Few seedlings of any kind were ever found in estab- 
lished wheat grass. Any ruderals in an invaded area 









Fig. 30. 
prairie near Lincoln on June 28, 1943. 


Two plants of Psoralea ‘floribunda from a 
The competitors 
of the plant on the left, which is 30 inches tall, were 


bluestems. Plant on the right, taken only a few feet 
distant but from an equally large rooterown, was 12 
inches tall. It had been surrounded for several years by 
western wheat grass. 
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were soon suppressed and died. Exceptions were 
Hordeum pusillum and weedy species of Bromus. 
Festuca octoflora and Erigeron ramosus are likewise 
annuals with periods of growth similar to those of 
wheat grass. Any others were incidental and of very 
minor significance, such as Hedeoma hispida and 
Specularia perfoliata. They shared the late fall and 
early spring moisture with the wheat grass. 

Relict forbs were almost entirely those with deeply 
penetrating root systems—characteristically lead- 
plant (Amorpha canescens), blazing star (Liatris 
punctata), prairie rose (Rosa arkansana), and false 
prairie boneset (Kuhnia glutinosa). These were 
dwarfed immediately after the wheat grass invasion. 
With a gradual depletion of subsoil moisture, which 
was not replaced by current rainfall, they became 
fewer and fewer and mostly disappeared. This oc- 
curred even on low ground. 

Relict little bluestem was easily overcome by wheat 
grass and during all of the years with severe summer 
drought any relict big bluestem was dwarfed and 
usually dried by midsummer. Despite the occasional 
less severe years, as 1935 and 1938, big bluestem and 
practically all other grasses were finally overcome, 
except in areas where wheat grass had not invaded. 
Hence, in spring the pure stands of wheat grass pre- 
sented a clean, dark-green, monotonous landscape. 
Only after 1941 was there much debris on the soil. 


YIELD OF WHEAT GRASS IN COMPARISON WITH 
BIG BLUESTEM 


One of the outstanding changes in bluestem prairie 
which had been replaced by western wheat grass was 
a decrease in plant production. An extensive study 
of relative yields of grasses in these two types was 
made in 1943. It included not only the annual yield 
but also yields when the crop was removed two or 
more times during the growing season. The plots 
were selected in pairs and in such a manner that 
one of wheat grass and one of bluestem were in close 
proximity. Usually they were separated by only a 
few feet and never by more than a few yards. The 
sample plots were circular and each was 20 square 
feet in area. The grasses were clipped 2 inches 
above the soil in order to simulate mowing. They 
were air-dried and weighed to the nearest gram. All 
yields except in the last Table (6) are expressed as 
average yields per plot. 








‘ TABLE 3. Partial yields and total yields of western 
wheat grass harvested in seven plots in the Pleasant 
Dale prairie in 1943. 








May 19 | June 28 | August 16 Total 
142 93 67 | 302 
173 130 | 30 333 
155 118 44 417 
209 27: 102 | 584 
3 0Ct«<d|C(<té‘iCSd 51 20 | Cs 4 
119 374 840 | B77 
214 | 159 | 66 439 

| | 
Av. 164 | 201 ‘| 78 442 
| 
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A series of samples were taken on upland in the 
Pleasant Dale prairie on May 19, June 28, and 
August 16, with results as shown in Tables 3 and 4. 

On May 19 wheat grass was about 9 inches tall 
and in the fifth-leaf stage of development. Moisture 
had been plentiful. The grass soon recovered after 
being clipped and gave a larger yield on June 238, 
when it was about 13 inches tall and again in the 
fifth-leaf stage. Very little growth occurred thereafter 
since only a few stems made any recovery. The yield 
in August was due mostly to a slight intermixture 
of side-oats grama, a very little prairie dropseed, 
and a considerable sprinkling of big bluestem which 
had grown to a height of about 10 inches. 

That early mowing had only slightly decreased the 
yield was shown by the fact that the single clipping 
on June 28 (Table 4) averaged 374 grams while 
the sum of the averages of two early clippings was 
365. 

TABLE 4. Partial yields and total yields of western 


wheat grass (left) and big bluestem (right) when each 
was harvested twice from ten plots in 1943. 





June 28 | Aug. 16 | Total || June 28 | Aug. 16| Total 


| | 


433 | 9 | 442 || 645 | 271 | 916 


360 | 24 | 384 || 745 | 467 |1,212 
311 | 74 385 || 601 | 300 | 901 
343 52 | 395 || 620 205 | 825 
422 | 37 | 459 || 545 211 | 756 
365 | 99 464 | 592 | 270 | 562 
263 «| «(85 348 511 207 | 718 
408 47 455 539 172 711 
402 | 71 | 473 517 355 872 
430 | 98 523 || 563 


O77 


277 835 


312 | 875 
Av. 374 | 59 | 433 || 588 | 





Wheat grass clipped first on June 28 was 15 inches 
tall and in the sixth-leaf stage. Flower stalks had 
not developed. Yields in August were not from re- 
covered wheat grass, only a little of which occurred 
in but one sample plot, but from the same kinds of 
grasses mentioned as occurring in the other plots. 
The yield of the nearly pure big bluestem, 18 inches 
tall at the first clipping, exceeded that of wheat grass. 
In fact, the yield of wheat grass was only 64 per 
cent of that of the bluestem. In August, big blue- 
stem had a foliage height of 15 inches and numerous 
flower stalks 22 to 35 inches tall. The yield was 
about half that of June 28 (Table 4). The total 
yield of wheat grass was only 52 per cent as great 
as that of big bluestem. 

When wheat grass in this prairie was harvested 
for the first time on August 16, its yield was some- 
what less than the total of either two or three har- 
vests of a similar stand (Table 5). This decrease 
seemed to be due to the suppression of any relict 
vegetation where the wheat grass grew uninterrupt- 
edly until August. Its total yield was 47 per cent 
of that of big bluestem. The bluestem at the time 
of harvest was 22 inches tall and possessed scattered 
flower stalks 30 to 40 inches higb 
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TaBLE 5. Yields in grams of western wheat grass 
and big bluestem harvested near Lincoln on August 16 
and August 5, 1943, respectively. 





i} 
PLEASANT Date (upland) Havetock (lowland) 
Wheat grass | Big bluestem || Wheat grass | Big bluestem 


332 753 854 2,468 


368 758 658 2,239 

267 784 948 1,945 

347 771 601 2,955 

73 846 793 1,602 

476 903 768 1,963 

429 731 471 2,379 

391 979 707 | 2.196 

397 904 | 746 2,375 

368 794 1) 693 2,410 

Av. 385 822 724 2,253 


Relative production of wheat grass and big blue- 
stem was also ascertained on lowland on the flood 
plain of Salt Creek near Havelock, a suburb of Lin- 
coln. A magnificent prairie of big bluestem had 
become infested with Erigeron ramosus in patches 
and belts. This resulted from death of the bluestems 
by drought (Fig. 31). Small amounts of wheat 
grass spread through these and in a relatively few 
years replaced all but a few patches of relict big 
bluestem. 





Fic. 31. Increase of daisy fleabane (EHrigeron ramo- 
sus) in lowland big bluestem prairie following drought 
of 1934. Later wheat grass invaded and replaced nearly 
all of the big bluestem. Photo June 27, 1938. 


On August 5, 1943, the wheat grass grew thickly 
in pure stands and to a height of 18 to 22 inches. 
There were a few flower stalks, 22 to 27 inches tall. 
It gave way abruptly to relict areas of big bluestem 
(Fig. 32). This grass was also almost pure but had 
a sparse understory of Kentucky bluegrass. The 
foliage was 30 to 32 inches tall. Flower stalks varied 
from few to abundant and ranged in height from 
35 to 54 inches. In both types the stand was more 
open in a few of the pairs of samples. Yield of 
wheat grass was 88 per cent greater than that on 
upland but yield of big bluestem was about 2.7 times 
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as great as that at Pleasant Dale. Thus, on this 
lowland yield of wheat grass was only 32 per cent 
as great as that of big bluestem. 





Fic. 32. Portion of the bluestem prairie in Figure 
31 where relict patches of big bluestem remained in 
1943. Wheat grass, about 20 inches tall (foreground), 
covered most of this level prairie. Big bluestem in the 
background and left foreground is about 30 inches high. 
Photo August 5, 


At Carleton five sample plots were harvested on 
May 26 and again on August 17. Big bluestem had 
a foliage level of 28 inches. Flower stalks were 
numerous and about 40 inches high; inflorescences 
were appearing. The stand was dense and nearly 
pure. Foliage level of western wheat grass was 18 
inches just outside the bluestem alternes, an average 
height that was regularly maintained throughout. 
Only a few seattered spikes occurred. The stand was 
uniformly good, but not dense. The early yield of 
wheat grass averaged 304 grams, the later one 106, 
and the total yield was 410 grams. Where two clip- 
pings were made, one on June 29 and another on 
August 17, the total yields were higher, 655 grams. 
Even this yield, however, was only 66 per cent as 
great as that of big bluestem (987 grams) clipped 
at the same time. 

A single clipping of undisturbed wheat grass on 
August 17 yielded 686 grams, which was much higher 
than either of the preceding. But it was only 60 
per cent as great as the yield of big bluestem (1,143 
grams) also cut for the first time in August. 

At Hebron, on August 17, big bluestem had an 
average height of 16 inches. There were no flower 
stalks. The stand was not so pure as that at Carleton 
since there was an intermixture of little bluestem 
and side-oats grama. As elsewhere, all samples were 
from the upland. Wheat grass was in the same con- 
dition as that at Carleton. Clippings from five plots 
yielded 339 grams of wheat grass on May 26, and 
94 on August 17. Total yield was 433 grams. Where 
the first clipping was made on June 29 and the sec- 
ond on August 17, total yield increased to 594 grams. 
But it was less at each clipping than from equal 


















areas of big bluestem, which yielded 847 and 99 
grams, respectively, in May and June. Total yield 
was only 63 per cent as great as that of big bluestem. 

In summarizing the data from the several stations 
for comparison, early yields where only 100 or 140 
square feet were clipped are increased to yields from 
200 square feet for purposes of direct comparison 
(Table 6). 


TABLE 6. Total yields in grams of air dry wheat 
grass and big bluestem from 200 square feet at the 
several stations under different numbers of cuttings, and 
per cent yield of wheat grass compared with that of big 








bluestem. 
| Months Wheat | Big 
Station | whenclipped grass bluestem | Per cent 
Mm 3S «(OA 4,420 
Pleasant 7 4,328 8,348 52 
Dale A 3,848 8,223 47 
Havelock A 7,239 22 ,532 32 


(lowland) 





M A 
Carleton J A 9,869 66 
A 11,425 60 
Hebron M A 4,334 
J A 5,944 9,467 63 


From Table 6 it may be seen that in every com- 
parison wheat grass yielded far less than big blue- 
stem. It has been shown elsewhere (Weaver 1942) 
that water infiltration into soil covered with wheat 
grass was only 42 per cent as rapid as its entry into 
the same kind of soil covered with big bluestem. 
Hence, there is more water lost by runoff and evap- 
oration. Soil under wheat grass has invariably been 
found drier than that under bluestem. This may 
account in part for the decrease in yield. Table 6 
shows that yield from a single harvest was only 54 
per cent as great as that of big bluestem on upland 
and only 32 per cent as much on low ground. Where 
one cutting was made in June and one in August, 
the average yield was only 60 per cent that of big 
bluestem. 

Wheat grass is less palatable than most other 
grasses in true prairie, even including sand dropseed. 
Its early growth in spring and late development in 
fall does extend the length of the grazing period. 
But under normal conditions the same end is attained 
by growing Kentucky bluegrass. Soil under wheat 
grass tends to lose the good tilth it had when it was 
covered with big bluestem. For these reasons en- 
couragement of the planting or growing of western 
wheat grass in true prairie is not in accord with the 
best grazing practice. 


BLUE GRAMA TYPE 
(Bouteloua gracilis Consocies) 
Blue grama is the most drought resistant of all the 
native grasses not only of true prairie but of the 
mixed prairie as well (Mueller & Weaver 1942). 
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When it is known that it was present in small 
amounts in most prairies throughout the western por- 
tion of the area, one may well have predicted a great 
increase during a prolonged cycle of drought. In- 
deed, striking phenomena of the drought were the 
continuous spreading of blue grama from year to 
year almost without interruption from 1935 until 
1942, and the large area occupied by this type when 
the drought finally terminated. It migrated into new 
territory immediately after 1934, since it was harmed 
the least of all grasses. It has been the most widely 
and most consistently represented by seedlings, espe- 
cially seedlings that survived. 

Blue grama has often survived where all other 
species died, and it has always been prompt in thick- 
ening its stands and thus consolidating its gains. It 
has not only enlarged most of its original small 
patches until they now cover many acres of uplands 
but also thousands of new outposts have been estab- 
lished. It is now found everywhere from hilltops to 
the lowest slopes. This grass has even carpeted the 
bottoms of ravines, and its location has little or no 
connection with topography. It became established 
wherever wind, water, or animals distributed seed in 
bare soil. Here its seedlings persisted when all others 
died. Bunches remained in some areas where wind 
and water had eroded the surface inch or two of 
soil and left them elevated above the general soil 
level. Blue grama sodded over the driest banks and 
elsewhere formed an understory, even under tall panie 
grass. The sod-mats resulted from the aggregating 
of numerous individuals. From these outposts any 
adjacent bare soil was populated, and seedlings be- 
same established everywhere in open spaces among 
any of the thinned relict grasses. Indeed, the seed- 
lings are very tolerant of shade. Once blue grama 
is well established, it is only with difficulty that mid 
grasses are able to replace it. 

Drought tolerance was marked. In 1940, when 
drought in June bleached white the wheat grass which 
did not revive with the July rains, the greenness of 
the understory of blue grama made a strik ng contrast. 
Big bluestem was often entirely dried above ground 
while beside it blue grama was still green. It usually 
blossomed and set seed at some time during the sum- 
mer when intermittent drought had prevented such 
activities of the mid grasses. Not uncommonly the 
abundant, dried flower stalks lightened the landscape 
in dry years in the blue grama type. There seemed 
to be a more or less constant supply of seed (Fig. 
oo). 

When good rains finally came, blue grama seed- 
lings occurred so thickly in many bare interspaces 
or on other unpopulated soil that the new growth had 
the appearance of a newly made lawn. In places the 
soil was thus entirely obscured. In many portions of 
prairies outside this short-grass type, it was possible 
to walk long distances and tread on!y on bunches or 
mats of blue grama, so widely and in such great num- 
bers had the plants been distributed. An intimate 
intermixture of 10 to 40 per cent of blue grama with 
big bluestem or big bluestem and little bluestem, in 

















Fic. 33. Blue grama (Bouteloua gracilis) flowering 
on a dry year (1940) when most other grasses suffered 
severely from drought. 


addition to distinetive alternes, was not uncommon. 
Thus, the history of blue grama has been one of con- 
stant gains. Only after two or more years of good 
rainfall has its possession been disputed by the 
bluestems. 

As a result of the great drought the numerous 
irregularly shaped areas of blue grama occurred 
abundantly. Frequently these alternes were in direct 
contact with bg b!uestem or small ones were often 
surrounded by this tall grass. Interspaces in the 
mats of short grass during the long period of drought 
were the home of numerous winter annuals. Chief 
among these six-weeks fescue, little barley, 
downy brome, and chess. In fact, these weeds, with 
the oncoming of good rains, were scattered through- 
out the mats as well. Thus, short-grass communities 
could be d'st:nguished at some distance from adjacent 
types by the light color of the early ripening and 
dried annual grasses. 


were 





Fig. 34. 
dactyloides) in a pasture near Lincoln. 


Radial spread of buffalo grass (Buchloc 
From a crown 
only 1.5 inches in diameter in early spring of 1938, 
stolons spread laterally a maximum distance of 15 inches 
by June 28 of the same year. 
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Buffalo grass was not only far less abundant than 
blue grama before 1934 but it survived the 
drought much more poorly. Hence its part in recov- 
ery of prairie was far less important and will be 
included with the blue grama type. Upon the death 
of its mid grass competitors, it spread widely along 
the western fringe of true prairie. In overgrazed 
and trampled pasture it has increased tremendously, 
often clothing the soil with nearly pure stands (Fig. 
34). In distribution, it ranged from the bottoms of 
ravines to the thinner upland soils. The great in- 
crease in number and total area of disclimax, short- 
grass pastures nearly to the Missouri River in east- 
ern Nebraska has been described (Weaver & Hansen 
1941). 

In the few prairies where buffalo grass was well 
established before the drought, it gradually replaced 
its losses and increased slowly. After 1940, it made 
a good recovery under the increased rainfall and its 
stolons advanced several feet in a single season. It 
thus replaced an open basal cover with a closed one 
of 90 per cent or more, in addition to extending its 
territory. Nearly always associated with blue grama, 
the stolons threaded their way among the bunches of 
this grass and thus formed a dense, mixed sod. The 
pure and mixed stands of short grasses and the inter- 
mixtures of one or both of these species with blue- 
stems were far surpassed in extent in their role as 
an understory to western wheat grass. 


also 


MIXED PRAIRIE TYPE 
(Eastward Encroachment of Mixed Prairie 
Association ) 

The replacement of bluestem true prairie by west- 
ern wheat grass and short grasses, especially blue 
grama, and the later intermingling of the mid grass 
and short grasses to form mixed prairie has been 
described (Weaver 1943). The formation of the 
mixed type became clearly apparent in some grass- 
lands in 1938 when an intermixing of wheat grass 
and short grasses along their numerous ecotones be- 
came pronounced. But even previous to this and 
synchronously with the early spreading of wheat 
grass, the short grasses had migrated into the bared 
areas also and established new holdings. At Belle- 
ville, Kansas, for example, mutual invasions by mid 
grass and short grasses had resulted by 1938 in very 
large areas of the Agropyron-Bouteloua mixed prairie 
type (Fig. 35). 

Blue grama also established seedlings widely in 
places that had been invaded by wheat grass, espe- 
cially during and after 1938. In fact, its seedlings 
(and those of buffalo grass over the limited region 
where it occurred) were practically the only ones, ex- 
cept side-oats grama, that became widely and gener- 
ally established. They produced vigorous bunches 
which later often aggregated into an open sod. Com- 
petition for water, which they withstood, suppressed 
or killed nearly all other plants, both weeds and 
native species. Hence, mixed prairie consisted almost 
entirely of the pure layer of mid grass above and 
the short grass or grasses below. Conversely, wheat 
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Fig. 35. 
falo grass and formation of mixed prairie. 


Invasion of western wheat grass into buf 
The short 
grass is about 6 inches high, the wheat grass about 28 


inches. Photo Belleville, Kan., August 12, 1942. 
grass was the only species that regularly invaded 
short grass, although side-oats grama was found in 
some prairies, often abundantly in the openings be- 
tween the sod-mats before wheat grass invaded. 

The rhizomes at first extended into the bare soil 
between the bunches or sodded mats but later spread 
thinly through them. This invasion into dense stands 
of buffalo grass was slower and seemed more diffi- 
cult. Here the wheat grass stems were scattered 
widely in a thin stand. Aside from the short grasses, 
wheat grass usually spread only in open ground or 
where big bluestem or other grasses had been greatly 
thinned by drought or dust. Only once has wheat 
been observed invading stabilized bluestem 
prairie, and this proved unsuccessful. Neither was 
the needle grass community nor the prairie dropseed 
type successfully invaded. But the mutual invasion 
of short grasses and wheat grass has occurred in the 
western edge of true prairie throughout a belt 100 to 
150 miles in width. In short-grass pastures, espe- 
cially those in which stock was excluded for a time, 
wheat grass became very abundant and a mixed short 
grass—wheat grass type became established. 

The period of invasion of both wheat grass and 
short grasses seems to be past, since practically all 
of the remaining prairie area is now occupied by 
other types of vegetation. Thus, there is much soil 
covered with pure wheat grass, where short grasses 
are not present, just as pure types of blue grama or 
mixed short grasses oceur in prairies or portions of 
them where wheat grass is not found. But mixed 
prairie is most prevalent and this type is more ex- 
tensive than any other single prairie type today, not 
excluding big bluestem. The intermixing of short 
grasses and wheat grass, however, has not terminated. 
Moreover, certain local areas once dominated by pure 
stands of wheat grass have not only been invaded 
by short grass but the wheat grass has been almost 
or entirely replaced by it. This was a process of 
gradually thinning the stand as the sod of short 
grass slowly became denser. As explained elsewhere 


grass 
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(Weaver & Albertson 1943), blue grama has much 
finer than western wheat and 
they more thoroughly occupy the soil, especially the 
surface soil. Unlike wheat grass, blue grama grows 
vigorously at any time during the warm season, re- 
gardless of previous activity. Its flower stalks may 
develop, blossoms appear, and seeds ripen in only a 
few weeks. 


roots those of grass 


Wheat grass in pure stands does not produce flower 
stalks and ripen seed every year despite good rain- 
fali. In faet, little or no seed was produced any- 
where in true prairie in 1943. The stand is often 
so thick that the plants appear sodbound. Sometimes 
the understory of blue grama presents a similar ap- 
pearance. Wheat grass and the combination of the 
two grasses seem to overdraw on the water supply in 
their newly established communities. Their behavior 
and fate in true prairie during a series of years of 
normal precipitation are unknown. Despite the com- 
plete occupation of the land and the establishment 
of a good soil mulch, this type is not climax. Indeed, 
it should be emphasized that the present mosaic cover 
of the prairie after three years of nearly normal 
precipitation even where complete is not climax. 
Only the period of occupation of all of the territory 
by a number of different types of vegetation has been 
reached. A condition of stabilization has not been 
established and return to the predrought dynamic 
equilibrium of climax types will necessitate many 
changes. 


Bic BLUESTEM TYPE 
(Andropogon fureatus Consocies) 

Big bluestem developed as a distinct type in cer- 
tain prairies in 1938. The community on upland re- 
sulted from the survival of this species wherever the 
bluestem type had lost its chief dominant, little blue- 
stem, either by extreme drought or by dust coverage 
and drought. Because of its deeper roots and pro- 
duction of rhizomes, big bluestem often did survive, 
and when same it spread rapidly. This re- 
sulted in 1938 and 1941-42 in the apparent anomaly 
of a luxuriant growth of this tall grass in habitats 
so dry that the mid grass had succumbed. It sur- 
vived the drought in the bunch habit, the rhizomes 
mostly being dormant, and only in 1938 (but in some 
upland prairies much later) did it become a 
former. 


‘ains 


sod 
With the coming of a series of good years 
(1941-43), big bluestem sometimes increased from a 
10 per cent stand to form a cover that became 80 to 
95 per cent as dense as that on low ground before 
the drought. Thus after 1942, many prairies when 
viewed at a distance in late summer or autumn 
showed great belts and patches, reddish brown in 
color, on hilltops and slopes where the flower stalks 
of big bluestem with their forked inflorescences grew 
thickly on the uplands (Fig. 36). 

Other extensive areas of big bluestem survived the 
drought in part in ravines, on lower slopes, and on 
flat land supplied with run-in water. Here, unless 
at once invaded, it was later able to replace its losses 
and reestablish the original tall-grass type. 

















Fic. 36. Big bluestem (Andropogon furcatus) on a 
hilltop near Woodlawn, Neb., on August 10, 1943. In 
this nearly pure stand the foliage is about 30 inches 
high. Weeds along a fence a quarter of a mile distant 
form the line. 


Quite in contrast to this outcome were the hun- 
dreds of places where the open stands of big bluestem 
were early invaded by wheat grass. Then the blue- 
stem was nearly always dwarfed, later suppressed, 
and ultimately exterminated in its former home, 
mostly on uplands, but sometimes on lowlands as 


well. Many dry years were characterized by moist 
early spring. This promoted the growth of wheat 


which used so much of the available water 
that even the early growth of big bluestem was sparse. 
If the moist period continued a little longer, wheat 
grass produced seed and became dormant, bluestem 
wilted and dried after having used much of its 
accumulated food to develop half of a normal growth 
of foliage before being overtaken by drought— 
drought so severe that it sometimes (1936-39) killed 
half of the weakened plants. Great alternes became 
fragmented; the following year only patches occurred, 
and finally wheat grass, aided by drought, overcame 


OTASS 
grass 





Fic. 37. 


Hilltop near Belleville, Kan., where little 
and big bluestem prairie has been replaced by blue 
grama in the foreground and a dense stand of big blue- 
stem elsewhere. 


Photo July 15, 1938. 
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even the hardiest and oldest survivors. That com- 
petition was the weapon of the invader was clearly 
shown by the better development and sometimes suc- 
cessful fruition of nearby stands of isolated plants 
where the wheat grass had not migrated (Fig. 37). 

On both uplands and lowlands the new stands were 
sometimes intermixed in various degrees with other 
species—tall panic grass (Panicum virgatum), tall 
dropseed (Sporobolus asper), side-oats grama, west- 
ern wheat grass and other grasses on low ground; 
and blue grama, side-oats grama, prairie dropseed 
and others on uplands. Where big bluestem is more 
abundant than all the others combined stability of 
the type with the continuation of good years seems 
assured. But in many places it oceurs only as one 
of a considerable number of other grasses and often 
in about equal mixtures with them. 


Rexict Big BLUESTEM—LITTLE BLUESTEM TYPE 
(Modified Andropogon scoparius Consociation ) 


The original upland cover of mixed little and big 
bluestem remained after the terrible drought in 1934 
and 1936 only in small areas. The total amount of 
this type did not exceed 10 per cent in any of the 
12 prairies selected for detailed study or in other 
prairies that were examined. In a few none of this 
original type remained. It is designated as the big 
bluestem—little bluestem type, since in most of these 
areas big bluestem was the more abundant at the end 
of the drought. Only in a few places does little 
bluestem even now (1943) comprise more than half 
of the vegetation, although formerly it often com- 
posed 80 per cent of the basal area. These relict 
areas were sometimes seareely disturbed, as along old 
roads and trails where precipitation was supple- 
mented by run-in water. In such places nearly pure 
stands of little bluestem may still survive. Elsewhere 
the bluestem grasses were only thinned and not de- 
stroyed. They maintained themselves as a community 
throughout the drought. 

These communities varied greatly in size and dis- 
tribution. They are the parts of the grassland least 
disturbed by invasion, and places where other species 
never became dominant, although sometimes as much 
as 80 per cent of the little bluestem succumbed. Since 
this species began to recover very tardily, and mostly 
not until 1941, although there was a good recovery 
in a few prairies in 1939, the space it vacated was 
taken over mainly by the rapid spreading of big blue- 
stem. But in part it was occupied by a remarkable 
increase of side-oats grama, and by June grass, and 
other native species formerly associated with the blue- 
stems. These remnants of undisturbed or little modi- 
fied grassland are found in all situations. They occur 
on north-facing slopes, often near their bases, and on 
low ground, especially where protection from desic- 
eating winds was furnished by trees in ravines or 
along streams. But quite as often they were found 
on level hilltops, on east- or west-facing slopes and 
sometimes on the exposed south-facing ones as well— 
apparently wherever the water from rain or drifting 
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snow had afforded enough moisture to keep the 
vegetation alive during the times of great heat, wind, 
and desiccation. These alternes and patches remained 


clearly demarked from other types of prairie (Fig. 


38). They retained a good soil mulch, an understory 
of low grow:ng grasses and forbs, and many other 


species that died elsewhere. Among these were 


Astragalus —crassicarpus, 


campestris, 


Antennaria 





Fic. 38. Relict patches of big bluestem, light in color, 
in a prairie of western wheat grass near Carleton, Neb., 
on May 26, 1943. Bluestem is 8 inches tall and wheat 
grass about 13. 





Fig. 39. 


Well developed relict bunch of little blue- 
stem in seed at 30 inches height in late fall of 1938. 
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Psoralea argophylla, Echinacea pallida, Hieracium 
and Helianthus 
But even here 


longipilum, Meibomia  illinoensis, 
rigidus, but there were many others. 
certain species of forbs failed to withstand the long 
drought. 
square rods or a few acres in extent. 

In such areas weeds were infrequent. 
remained in the 
These were the only places on upland where Indian 


Frequently such areas were only a few 


The mesic 


bluegrass sometimes understory. 


grass could be found. Conversely, there was even 
some invasion of blue grama into the more open 


stands of the bluestems westward. But when good 
rains fell, crowns of little bluestem which had pre- 
viously supported only a few stems became two-thirds 
filled with them. 
ripened, and seedlings and small new tufts of little 
bluestem were comomn in 1943. Meantime, big blue- 
stem had flourished, numerous long-dormant forbs 
appeared, and the former prairie type was almost 
fully restored. Even the more open stands had 80 
per cent of a normal basal cover. 

In a few little bluestem prairies which had not 
been mowed for a year or more before the inception 


Flower stalks formed, seeds were 


of drought, destruction was slight and loss of species 
almost nil (Fig. 39). Thus, it certain that 
man by annually removing the cover aided the de- 
structive forces of drought. 


seems 


MIxED GRASSES 

Over considerable areas, widely scattered plants of 
various species recovered, reseeded, or invaded at 
about the same time. This gave rise to a mixed com- 
munity of variable composition. It is here that the 
battle for dominance is being waged fiercely and may 
continue for a long time. Soil originally clothed 
with the little bluestem type is now supporting as 
dense a population of perennial (and mostly climax) 
grasses as current water content will permit. Here 
prairie dropseed, tall dropseed, side-oats grama, blue 
grama, big bluestem, and needle grass may oceur in 
mixtures of greatly varying proportions. In later 
years revived little bluestem and various other grasses 
were also admixed. The preceding statement is typ- 
ical in general for areas of varying sizes in many 
prairies and descriptive in particular of a large 
pra:rie near Lincoln where 25 per cent of the vege- 
tation, exclusive of the wheat grass type, was com- 
posed of this mixture in 1943. 

In certain other prairies, where an open stand of 
prairie dropseed had developed over a large acreage, 
big bluestem spread widely in 1942-43 and filled much 
of the interspace. This was accomplished by extended 
migration by rhizomes from relict bunches of pre- 
drought plants, and by growth from long-dormant 


rhizomes (Fig. 40). The vigorous culms of the 
invading big bluestem were 4 to 7 millimeters in 
diameter. Nearly all of the rhizomes and stem-bases 


were clearly only 2 or 3 years old and consequently 
of postdrought origin. Their progress from old estab- 
lished clumps was traced repeatedly. But the bunches 
of prairie dropseed were several inches in diameter; 
many were of predrought origin. Thus, over great 
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areas a nearly equal mixture of these two dominants 
formed 85 per cent of the entire vegetation. Both 
kinds of grasses grew to unusual stature in 1943 and 
the crop of seed was large. 





Fig. 40. 


Invasion of big bluestem (foreground) into 
an open stand of prairie dropseed (background) about 


16 inches tall. Prairie dropseed in immediate fore- 
ground has been removed. Photo near Woodlawn, Neb., 
June 18, 1943. 


During the drought, side-oats grama was some- 
times dominant in mixtures with various other spe- 
cies, especially in 1938 and 1939, but since 1941 only 
a few small areas of this combination were found. 
In some prairies intermixtures of big bluestem and 
blue grama prevailed. At Hebron, Nebraska, for 
example, this occurred as a result of blue grama be- 
coming widely established over a north slope where 
little bluestem died and (after 1939) big bluestem 
became dormant. It was a distinct, though open, 
short-grass type in 1940. But after the good rains 
of 1941-42 big bluestem recovered in a remarkable 
manner, at first in the interspaces between the mats 
but later by extending its new shoots directly upward 
through the short-grass sod. 

On lowland especially, considerable mixtures of 
big bluestem and western wheat grass still occurred. 
They alternated with stands of big bluestem and 
side-oats grama or the three species occurred in more 
or less equal amounts. Even needle grass had sue- 
cessfully invaded drought-thinned stands of big blue- 
stem on the lowlands (Fig. 41). Indeed, the distri- 
bution of big bluestem and needle grass occurred in 
a wide range of mixtures in a single prairie from 
seattered Stipa to relict Andropogon. Thus, in this 
type one found mixtures of species that were not 
seen in prairies before the drought. 

Origin of such mixtures is still to be seen in open 
places where in the same square foot western wheat 
grass and big bluestem simultaneously extended their 
rhizomes to compete with recently established bunches 
of side-oats grama and invading Kentucky bluegrass. 
In fact, some local, nearly pure stands of bluegrass 
have also resulted from the reclothing of small por- 
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Well drained level lowland near Lincoln, 
Neb., formerly completely covered with big bluestem. 
Relatively small amounts of this type remain (fore- 
ground) ; western wheat grass invaded the drought-bared 
soil and formed a distinct, pure community (right cen- 
ter); and the needle-grass type (light) developed in 


Fig. 41. 


the background. Photo June, 1943. 


tions of the best drought-bared region by this 
mesophyte. 

Such mixed communities of grasses have no place 
in stabilized true prairie. These species have merely 
completed the occupation of bared soil where none of 
the other types have gained control. They are not 
climax. Nor should the student of grassland be con- 
fused by the abundance of types of communities, 
since once they are recognized they stand out clearly. 
They were commonly clearly revealed, often at a 
distance, because of their different colors. In early 
spring while most other grasses were still dormant, 
communities of wheat grass were so dark in eolor 
that they appeared like the shadows of clouds (Fig. 
42). Later, magnificent color schemes were often 
seen, such as the deep green or greenish yellow of 
the bluestems alternating with patches and belts of 
the bluish green of wheat grass, and both differing 
markedly from the gray-green of the short grasses. 





Hilltop near Pleasant Vale, Neb., where the 
bluestem type has been replaced by a pure stand of 
wheat grass in foreground and needle grass beyond. 


Fig. 42. 


Photo July 19, 1943. 
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Later, during drought, the reddish cast of the blue- 
stems, sometimes even in August a flaming reddish 
bronze, contrasted sharply with the wheat grass type 
where the foliage varied from tan to light gray. And 
if there had been recent showers, the short grasses 
regained their green color so that the boundaries of 
their holdings were distinet. Often differences in 
height were striking, as when 3-foot wheat grass gave 
way abruptly to an alterne of short grass, or the 
foot-high short grass to a wall-like border composed 
of the tall foliage or even higher flower stalks of big 
bluestem. In drought the grasses actually shriveled 
in drying, and sometimes lost several inches in height. 
Thus, the prairie patterns changed with distance and 
with succeeding years. The coloration varied with 
the season and with the amount of precipitation. The 
boundaries of types were so distinct that mapping 
was possible along ecotones only a few feet in width 


(Weaver & Darland 1944) (Fig. 43). The present 





Fig. 43. 
imity at Lincoln on April 26, 1941. 


(Upper) Types of grassland in close prox- 
The zonation is ¢ 
result of drought. Kentucky bluegrass occupies the 
ravine in foreground; relict little and big bluestems the 
light-colored area just beyond; the eroded bank is with- 
out cover except for dead bunches of grass on upper 
slope; and the white streak is the edge of an alterne of 
needle grass on the slope facing away from the camera. 
(Lower) Short grasses in foreground and big bluestem 
beyond. Photo Belleville, Kan., June, 1939. 
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mosaic of grassland patterns that crystallized out of 
a mass of recovering vegetation in its present stage 
of recovery (1943) is merely one phase of a long 
developmental process. 

listed in the order of the 
total area each occupied in 1943 in the 10 prairies 
selected a varlier as typically representative 
of drought-disturbed true prairie. 


The several types are 


decade 


Mixed prairie type 

Western wheat grass 
type 

Big bluestem type 

Needle grass type 


Blue grama type 
Prairie dropseed type 
Relict big bluestem— 

little bluestem type 
Mixed grasses 


RECOVERY OF NATIVE GRASSES THAT DID 
NOT FORM TYPES 

An important part in recovery was played by 
various grasses which, while not retaining their domi- 
nance to such a degree as to identify a type or com- 
munity, have been of enormous importance in the 
processes of stabilizing the habitat and promoting 
the development of a new cover. 


BouTELOUA CURTIPENDULA 

Side-oats grama has no community which it domi- 
nates, although it ranges widely from hilltop to moist 
ravine. In fact, in predrought true prairie it never 
occurred in much abundance but was only lightly 
intermixed with other species. But with the oncom- 
ing of drought this grass often persisted where all 
others succumbed. During drought it was found 
intermixed with ruderals of the subsere or growing 
in large numbers with big bluestem or western wheat 
grass. In fact, its history is one of repeated increase 
and decrease with the interchange of moist and dry 
years. Because of its 2.5-foot flower stalks it is con- 
sidered a mid Actually the foliage height, 
except for the two small leaves on the flower stalk, 
is only about 12 inches (Fig. 44). It is a bunch- 


grass. 





Fig. 44. 
19 inches in diameter which survived the drought. 
foliage is 12 inches high, the flower stalks 30. 


Charactristic bunch of side-oats grama about 
The 
Photo 


August 7, 1943. 

















422 


former, but also enlarges its bunches rapidly both by 
tillers and by rhizomes 2 to 4 inches long. The dis- 
advantage in the light relation with taller grasses, 
due to its shorter foliage, is compensated by early 
and prolifie seeding. It does not exhibit summer 
dormancy except as a response to extreme drought. 
This grass occurred under two rather distinct forms. 
During the earlier years of drought when seedlings 
were fewer and more distantly spaced, they devel- 
oped into bunches. Many of these reached 5-7 inches 
in diameter and a few 10 to 14 inches. After 1940, 
when seed was more plentiful and seedlings more 
sod-mat type 





« 


aggregated they coalesced to form a 
which densely covered the soil. 
Side-oats grama is a vigorous invader, thriving in 
thin stands of western wheat grass as well as in open 
ones of blue grama or in drought-thinned big blue- 
stem. In many prairies its great increase occurred 
at the same time that wheat grass spread so widely 
over- drought-stricken prairie and often into relict 
stands of big bluestem. The following years usually 
witnessed the death of the bluestem but usually only 
the suppression of this grama grass, except when 
summer drought was extreme. Development of the 
earlier-growing wheat side-oats 
grama when early spring was moist. But when 
spring was dry and late and early summer moist, 
side-oats grama flourished even in a thick stand of 
the waning wheat grass. Thus, following the good 
year 1938, this grama increased greatly and competed 
It was at this time 


surpassed 


grasses 


successfully with wheat grass. 
that it reached its greatest abundance. But the next 
summer (1940) was one of drought. The grama 
seemed to have overdrawn on the water supply and 
it suffered enormous losses. A similar eyele but on 
a smaller seale occurred in certain other prairies, 
outside of the wheat grass type, that were much 
injured by the drought of 1939. Side-oats grama lost 
heavily in 1940 only to reeur in great abundance in 
1941. Indeed, then the seed, which ripened in such 
great abundance in July at heights greater than that 
of the general mixed-grass level, could have been 
profitably harvested. Moreover, in areas of consid- 
erable size where bluestems had been buried by dust, 
it occurred during the most favorable drought years 
in nearly pure stands. But here too it decreased the 
following seasons. 

The part played by Bouteloua curtipendula in re- 
covery from drought, even if sporadic, was one of 
extreme importance. Disease was the cause for part 
of its diminution (Fowler & Weaver 1940), a dis- 
ease which at first was localized but finally spread 
to all the prairies. It was one of the few grasses 
that invaded widely and in great abundance. When 
seedlings were found in the wheat grass type, they 
were almost always those of side-oats grama or blue 
grama. Not only during the drought but with the 
coming of good years did this species aid greatly in 
recovery. Its seedlings alone have reclothed thousands 
of the smaller bare interspaces and in mixtures with 
others have repaired in the aggregate many square 
miles of grassland. 
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KOELERIA CRISTATA 

June grass with its relatively shallow root system 
and decided predrought occurrence on uplands was 
greatly harmed by the drought. But seedlings ap- 
peared in such abundance in early spring of 1935 
that portions of the more easterly prairies especially 
were repopulated by extensive stands of June grass. 
Such gains, however, were only temporary. This 
grass exhibits both great instability and a short life 


g 
span. Later drought removed most of the new pop- 
ulations. Hence large, persistent bunches were rarely 


found during the first five years. In certain prairies 
where fire was used as a measure of weed control, 
notably at Hebron, this grass was temporarily wide- 
spread. It rarely if ever occurred in wheat grass. 
At the end of the drought, there was even less than 
at the beginning. Its role in reeovery was impor- 
tant, however, although temporary even before good 
rains fell in 1941. After this seedlings were abun- 
dant over wide areas and so thick in local bare ones 
form a sod not unlike that of bluegrass in 
Thus, bare ridges, 


as to 
superficial appearance (Fig. 45). 
steep banks and indeed bare places everywhere pre- 
sented a stage of distinct recovery. That such seed 
in 1941 or a little earlier resulted in permanent 
stands was shown by an intermixture of seedlings 
and bunches of different ages. In the newly popu- 
lated areas the seedlings were thicker and_ better 
developed where there was some measure of protec- 
tion. The plant tillers rapidly and in the second or 
third year tufts 2 to 3 inches in diameter produced 
flower stalks and a new crop of seed. It excelled 
most grasses in its ability to reclothe rapidly local 
bare spots when conditions of growth were favorable. 
It is not a good competitor and will gradually be 
relegated by needle grass, bluestems, and more stable 
grasses to its place as an interstitial. 





bared area 
The plants (bunches) are mostly two 


vears old and about 1.5 inches in diameter. 


Fig. 45. Pure stand of June grass in a 


on May 15, 1942. 


Poa PRATENSIS 
Kentucky bluegrass was still absent at the end of 
the drought from all but the more easterly prairies 
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and oceurred in these only in ravines and other shel- 
tered places. It did maintain its status of an adapted 
interstitial species in many relict areas of big blue- 
stem. Even certain prairies near Lincoln were en- 
tirely without this species. But in 1941 it recovered 
in patches in ravines and spread across the upper 
flat portions of these on the hillsides where run-in 
water or melting snow furnished an additional supply 
of moisture. A good seed crop was produced. The 
following vear it had revived in less mesie sites or 
became established there by seedlings. A thin stand 
developed on north-facing slopes and sometimes on 
portions of others as well. It spread across ravines 
and up adjacent slopes, sodded over all open soil, 
and formed an understory to the vegetation already 
in possession. Thus, patches of bluegrass developed, 
and the normal predrought understory of this mesie 
species became far advanced in many places. During 
the wet spring of 1943 this early blooming species 
seeded abundantly even on dry knolls and had spread 
outward. Over bared areas it had taken 
rather complete possession locally. It always stopped 
abruptly at the edges of alternes of wheat grass, nor 
has it invaded territory claimed by blue grama. 


certain 


SPOROBOLUS ASPER 

Tall dropseed usually occurred only as seattered 
small bunches, if at all, in predrought vegetation. 
During drought it increased greatly on both upland 
and lowland, but was never found abundantly with 
wheat grass. It increased its holdings after the death 
of the bluestems, usually big bluestem on low ground, 
where it now covers many square rods in pure or 
nearly pure stands. Young bunches with a_ basal 
diameter of about 4 inches were so numerous and the 
foliage cover so thick that the stand appeared very 
dense. A few similar patches have been found at 
the heads of ravines on uplands. Here it rarely 
dominated an area to any considerable degree but 
made an excellent growth in individual bunches (Fig. 
46). These were usually rather widely spaced but 





Fig. 46. 


Dried bunches of tall dropseed (Sporobolus 
asper) scattered widely over relict bluestem prairie 
(light) and alternes of wheat grass (dark) at Crete, 
Neb., on April 5, 1940. 
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many oceurred as thickly as 10 bunches of variable 


meter. In a few instances, dense 
patches were found. Nearly all of these plants be- 
came established between 1935 and 1941 while the 
cover was still very open, since tall dropseed is not 
only xerie but a prolific seeder as well. 
of this grass were found during dry years when most 
grasses had none. During the years 1939-40 only a 
single seedling of little bluestem was found, but 
many seedlings of both needle grass and tall drop- 
seed In one cirele with a diameter 
of 8 feet, 28 small bunches and 80 seedlings of tall 
dropseed were counted. 


size per square 


Seedlings 


were observed. 


OTHER GRASSES 

Indian grass (Sorghastrum nutans), which almost 
disappeared from upland during drought, returned 
slowly from dormant rhizomes and rooterowns, but 
only after 1941. It survived in some prairies even 
on hilltops. After a year or two of good rainfall 
it occurred plentifully in certain places, grew to 
more than normal stature, and seeded abundantly. 

Hairy grama (Bouteloua hirsuta) oceurred rarely 
before the drought but increased in some prairies, 
as at Hebron, during the dry cycle. Purple lovegrass 
(Eragrostis spectabilis), always an interstitial, greatly 
increased its numbers during the period of good rain- 
fall and is now of more than normal abundance in 
many places which were most slowly repopulated. 
Wiregrass (Aristida purpurea) almost disappeared 
during drought, but became noticeable again in 1939. 

Plains muhly (Muhlenbergia cuspidata) gradually 
increased throughout the drought and appeared in 
all of the prairies. Small pure stands of this grass 
became common. Its seedlings were established as 
early as 1938, and by 1942 bunches 5 to 8 inches in 
diameter were not uncommon. Its seedlings grew 
well under full insolation and on soil without debris. 
Hence, it now has a very wide distribution and has 
flourished during the later years. 

Seribner’s panie grass (Panicum scribnerianum ) 
entirely disappeared from about two-thirds of the 
But in some it has 
completely revegetated bared places of a few square 


prairies as a result of drought. 


yards, often only to be replaced by western wheat 
After 1940 it became common, and is rapidly 
taking its former place of wide distribution but mod- 
erate abundance in the understory. 


grass. 


Pennsylvania sedge (Carex pennsylvanica), also of 
grass-like form, is drought resistant and sometimes 
covered large patches of otherwise bare soils during 
the dry years. It was so widely seattered and so 
abundant in light 
green tinge to the landscape of dried grasses in 
early spring. 
drought 
stitial than formerly. 


certain prairies as to give a 


It filled many bare interspaces during 


and remains a far more abundant inter- 


Sand dropseed (Sporobolus cryptandrus), a spe- 


cies of mixed prairie, invaded drought-bared pastures 
in true prairie in a remarkable manner in 1935-37 
(Weaver & Hansen 1941a). 


It also became common 
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but not generally distributed in several of the prai- 
ries. It invaded only where the soil was bare. This 
species slowly succumbed to the shade produced by 
good stands of most mid grasses. 


FINAL RECOVERY 
Recovery of vegetation was delayed again and 
again throughout the seven years by losses on driest 
years offsetting gains made during the less dry ones. 
Recovery from dormancy sometimes did not occur 
until one or more years after good rains came. 
Vegetation was usually slow and conservative in its 
changes. The degree of recovery varied with the 
amount of depletion, the type of vegetation, and the 
amount and seasonal distribution of soil moisture. 
But in 1941-43 gains were cumulative and the prairie 
cover again became almost complete, even though it 

differed greatly from the former one. 


METHODS OF RECOVERY 
The methods of recovery of grasses were increase 
in size of relicts by tillering, production of rhizomes 
and stolons, awakening of old rooterowns and under- 
ground parts from deep dormancy, and production of 
an abundance of seedlings. 


VEGETATIVE OFFSHOOTS 

The ability to adjust itself to the environment by 
various degrees of tillering accounts in a large meas- 
ure for the successful occupation of more of the 
earth’s surface by grasses than by any other life- 
form. The very large size attained by relict bunches 
of various grasses after the early drought illustrated 
their adjustment to an increased water supply result- 
ing from decreased competition. Thus, plants of 
side-oats grama, plains muhly, prairie dropseed, and 
other bunch grasses developed to great size despite 
the usual scarcity of soil moisture. 

The extremely rapid spread of big bluestem in 
1938 not only into open ground but among bunches 
of prairie dropseed, little bluestem, and elsewhere 
has been described. The great abundance of this 
species today, placing it second only to western wheat 
grass, is due first to drought survival because of its 
very deep root system, but thereafter to its rapid 
spreading everywhere by rhizomes. Wheat grass 
alone, among all the grasses concerned, is more effi- 
cient in this method of invasion than is bluestem. 
This is due in part to its resumption of growth at 
lower temperatures in spring and consequent evasion 
of drought. Occurrence of stems singly or in groups 
of twos or threes was common in big bluestem, fre- 
quently along a line indicating the position of the 
advancing rhizomes. Even side-oats grama has rhi- 
zomes 2 to 5 inches in length and these accounted in 
part for its great increase and mass invasions in 
such force as temporarily to threaten the dominance 
of both western wheat grass and big bluestem. The 
great increase and wide spreading of Pennsylvania 
sedge may be partly attributed to its rhizomes. Al- 
though rootstocks are absent or poorly developed in 
blue grama, its codominant, buffalo grass, which in- 
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termingles with it freely and forms a 
than blue grama alone, is equipped with the very 
excellent organ of propagation, the stolon. 


denser cover 


BREAKING OF DORMANCY 

The breaking of a long period of dormancy in 
crowns and rhizomes of grasses was observed in some 
prairies after a single year of good rainfall and in 
nearly all, including areas of western wheat grass, 
in 1942-43. 

Little bluestem made recovery, notably at 
Belleville and Hebron, in the spring of 1939. In 
general it began to break its long dormancy and 
rejuvenate from old crowns in 1942, only after a 
In some prairies as at Lin- 


some 


year of good rainfall. 
coln, such rejuvenation was not pronounced until a 
year later. Survival of little bluestem in a dormant 
state was usually only in restricted places—on rocky 
hillsides, steep banks, ete. But occasionally, dor- 
mant bunches were scattered thinly over an entire 
slope. In 1943 it revived in certain places on dry 
south slopes where it had not been seen since 1934. 
At first only a few stems appeared even where large 
bunches had grown before. Often the remainder of 
the crown was dead. Such tufts easily could have 
been mistaken for new bunches developed from 1941 
seedlings; actually there were but few of these. In 
1943 some revived plants had only 4 to 10 stems and 
1 or 2 flower stalks (Fig. 47). On the margins of 
the relict bluestem type, revived bunches were com- 
mon. These drought relicts had produced some foli- 
age each year but no seed. But in 1942-43 they had 
such an abundance of inflorescences that they formed 
a whitish layer at 30 inches height and well above 
the 18-inch foliage. A few seedlings were found in 
1942 and more in 1943. Flower stalks were common 
to abundant in 1943 and in some places the plants 
were numerous. 

Big bluestem likewise survived long periods of 
dormaney. On a north-facing slope at Hebron blue 








bluestem 


Fig. 47. Revival of relict tufts of little 
with 1 to 3 stems each from old, decayed rootcrowns. 
Other species were removed before taking the picture 
on September 24, 1943. 
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an open stand over an area 100 yards 


grama formed 
In most 


long and about 50 yards in greatest width. 
places it was composed of much enlarged, predrought 
bunches spaced 5 to 10 inches apart. Since weeds 
were few this left irregular patches of the black soil 
5 to 12 square feet in extent almost unoccupied, 
although bluestem prairie occurred here formerly. 
Little bluestem had died in 1934 and big bluestem 
had disappeared by 1936-37. Usually abundant, 
smaller and younger bunches of blue filled 
much of the interspace and portended a dense cover. 
3ut in 1942, a fine open stand of big bluestem ap- 
peared from old rooterowns and rhizomes which had 
been dormant for several years. It occurred mostly 
in the interspaces between the bunches and sods of 


grama 


blue grama but its vertical stems sometimes pene- 
trated through them as well. 

At Montrose where big bluestem sod had been cov- 
ered with a 2-inch layer of soil and then clothed 
with a practically pure stand of wheat grass, similar 
It was much more pro- 
sar. Similar 


recovery occurred in 1942, 
nounced and widespread the next y 
recovery after long dormancy of rhizomes and root- 
crowns was noted in various other prairies where 
the plants had been covered with dust or where 
wheat grass had absorbed the available water rather 
regularly in early spring (Fig. 48). 





Fig. 48. 


Revival of relict bluestem on an upland prai- 
rie near Lincoln after 6 or 7 years of burial under dust. 


There are many isolated flower stalks. Little bluestem 
perished; other vegetation is mostly ruderal. 


In the Pleasant Dale prairie 20 sampling plots 
were selected in the wheat grass community, which 
had been well established since 1935. Care was taken 
to select them where the wheat grass was pure, since 
they were to be used to determine production of this 
grass compared with that of big bluestem. No big 
bluestem was found in any of them at this time or 
when the grass was clipped on May 19 and again on 
June 28. Neither was it observed in closely adjacent 
prairie where other plots were selected for later elip- 
ping when the grasses had matured. But on August 
16 to 20 when a third eutting was made, considerable 
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big bluestem had appeared in several of these plots. 
It was 5 to 15 inches tall, and was also scattered 
lightly to rather thickly and occurred widely in places 
where in May and June no bluestem grew (Fig. 49). 





Fic. 49. Relict Andropogon furcatus that recovered 
after several years of dormancy in prairie near Pleasant 
Dale, Neb., which had been invaded by Agropyron 
smithii soon after 1934. Big bluestem appeared after 
June 28, 1943. 





Fig. 50. 
upland sod at Lincoln in 1943. (Right) Indian grass, 
and remainder big bluestem. Height is about 30 inches. 
Photo September 10. 


Single- or few-stemmed revivals from relict 

















This is exect evidence of the reappearance of a grass 
which had lain dormant either since 1934 (9 years) 
or certainly since 1938 (5 years) without appearing 
above ground. In most plots only a single stem or ¢ 
few stems were found in a place, but in some it ap- 
peared as if the remnants of widely spread sod were 
growing. Consequently, several large blocks of sod 
were removed to a depth of 4 inches and brought to 
the greenhouse for study. When the tops were cut 
an inch above the soil and the soaked soil was slowly 
and carefully washed away, the skeleton of extensive 
rooterowns and rhizomes was found. The roots had 
practically all decayed, but the rhizomes were distinct, 
not as continuous stems but as dead, cork-like pieces 
.25 to 1 inch long but still in place throughout the 4- 
to 12-inch interspaces between living stems. The new 
shoots were not from seeds but from the largest and 
best preserved rhizomes. The roots and tops were 
new but the basal portions were distinctly old rhi- 
zomes decayed away from the growing point. Nu- 
merous rhizomes were found which were undecayed 
but apparently had no vitality; a few were seen 
which had a single viable bud just swelling to begin 
growth. Many of the survivors were clearly from 
previous bunches, only a few inches in diameter (Fig. 
50). It was also found that Sorghastrum nutans, 
Sporobolus heterolepis, and certain other species re- 
mained dormant for a period of years. 


SEEDLINGS 

Although repeated reference has been made to 
seedlings during the drought, the bountiful crops 
produced following the years of desiccation warrant 
special consideration. They are in striking contrast 
with predrought conditions where relatively few of the 
viable seeds which fell on the prairie soil germinated 
under natural conditions (Blake 1935). The experi- 
ence of the senior author and his students, who have 
yearly made minuté and extended observations in 
listing and charting quadrats in prairie, is that seed 
germination under a climax cover resulted in very 
small numbers of seedlings and that most of these 
failed to survive. 

During drought occasional showers moistened the 
soil sufficiently at irregular intervals to promote 
germination of seeds, including any that may have 
lain dormant for a long time, but establishment and 
continued growth of seedlings were rare. Production 
of viable seed by the native grasses had usually been 
prevented by dry weather following too rapidly a 
period of flowering. Exceptions occurred, as in 1935 
and 1938. 

Species whose germinated and _ produced 
seedlings that became established during the years of 
less severe drought are listed in the first column below. 


seeds 


Andropogon scoparius 
Andro) ogon furcatus 
Sorghastrum nvtans 
Panicum wileoxianum 
Aristida ;urprrea 


Muhlenbergia 
ecuspidata 
Buchloe dactyloides 
Carex pennsylvanica 
Poa pratensis 
Panicum 
scribnerianum 


Agropyron smithii 
Stipa spartea 
Sporobolus 
heterolepis 
Bouteloua gracilis 
Sporobolus asper 
Koeleria cristata 
Bouteloua 
curtipendula 
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The first four of these formed prairie communities. 
Sporobolus asper never aggregated densely except 
very locally, Koeleria cristata depended upon good 
seeding qualities rather than stability, and Bouteloua 
curtipendula was quite erratic in its behavior. The 
second column lists less important species belonging 
to this group. In the last column are species which 
either produced no seed or seedlings or seeded only 
rarely before 1941. 

During the winter of 1940-41 there was consider- 
able wind erosion and a great amount of soil heaving 
resulting from frequent freezing and thawing. Not 
only were seedlings thrown out of the soil but dead 
tufts and-small bunches of grass in open places were 
heaved upward 1.5 to 2 inches. The roots were 
broken and the plants lay on the soil surface. Some- 
times they were still attached to the soil. This phe- 
nomenon was of widespread occurrence and was most 
severe in places not protected by a cover of plants 
or a soil mulch. Even large dead bunches of side- 
oats grama, needle grass, and prairie dropseed 2 to 
5 inches in diameter and numerous others of little 
bluestem had been heaved sufficiently to loosen the 
crowns. There was also much loosening, checking, 
and eracking of the soil. These cracks were 1 to 2 
inches deep and .25 to .75 inch wide. The general 
effect was to destroy young vegetation and to mellow 
the soil surface. Where there was debris of any 
kind or a cover of vegetation the cracking did not 
oceur. Some checking also took place in wheat grass 
sod but no soil heaving was observed. 

Conditions for growth of seedlings in both 1942 and 
1943 were excellent. In 1942, for example, the sur- 
face soil under the rapidly developing grasses was 
damp practically all spring and mostly throughout 
June, not only because of rain and heavy dew but also 
because of much cloudy weather. Moreover, after 
1941 vegetation had thickened and furnished consid- 
erable protection to the seedlings from direct insola- 
tion, a condition which is favorable to their early 
development. 

In the spring and early summer of 1941 there was 
an almost continuous supply of moisture available to 
promote germination and establishment of seedlings. 
The number and kind of seedlings in each of 25 
square-foot sampling areas was ascertained in June 
in each of 8 prairies. A total of 24 species of grass 
seedlings was found (Weaver & Mueller 1942). Of 
the 200 square feet minutely examined, 29 had no 
seedlings. Average distribution of perennial grass 
seedlings was less than 10 per square foot. Even if 
all of these had survived and made a maximum 
growth, they would have increased the cover in 1941 
only about 2 per cent. Many of these seedlings did 
survive, and a new crop of seed was also produced 
that year. Thereafter seedlings were very abundant. 

Although all of the 1941 seedlings died in the 
more open prairies, in others where they were better 
protected by a thicker foliage cover and where frost- 
heaving was at a minimum, they tillered rapidly and 
established new bunches. Seedlings of the current 






















year appeared in the bare spaces which in the main 


were well shaded by bordering vegetation, a common 
phenomenon over some entire prairies. Even where 
bare areas of a square yard or more still remained, 
they too usually had good stands of seedlings, espe- 
cially of June grass, seattered throughout (Fig. 51). 


Fig. 51. Seedlings of June grass, side-oats grama, 
prairie cat’s-foot (left), and many-flowered psoralea 
(Psoralea floribunda) near backdrop. Photo June 20, 
1942, near Lincoln. 


Heretofore, the soil in such places dried too quickly 
under direct insolation for seedlings to become estab- 
lished. All of the dominant species within the area 
were usually represented among the millions present, 
except those of the bluestems, especially little blue- 
stem, seed of which was still rare. Blue grama, side- 
oats grama, and June grass were nearly always best 
represented where there was an intermixture of these 
with other species (Fig. 52). But in stands of needle 
grass, the tall, erect seedlings of this species alone 
were often found in great abundance. 

By midsummer the young plants of blue grama and 
hairy grama were 4 to 5 inches tall and those of 
side-oats grama and June grass 7 to 9 inches. They 
were producing new tillers and new roots in great 
numbers. Often no bare soil was seen but a sod so 
dense that it seemed that the seed had been sown 
by hand. Suecess of seedlings in most places was 
assured by the presence of a recently developed soil 
mulch, a condition usually lacking during drought 
but a powerful deterrent to the rapid loss of surface 
soil moisture. 

In 1943 one was impressed by a new phenomenon, 
that of different stages of development of the several 
species from seedlings to small bunches. By mid- 
summer, seedlings of the previous year were rooted 
1.5 to over 2 feet deep, and still older bunches even 
more deeply. The oldest were beginning to produce 
flower stalks and thus indicated both successful ecesis 
and a permanency of the cover (Fig. 53). Soon the 
interspaces thus sodded would lose their identity as 
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Fie. 52. (Upper) Seedlings of blue grama one and 
two years old, with a few of Scribner’s panic grass, 
forming a dense sod. (Lower) Mixed year-old seedlings 
of side-oats grama, June grass, blue grama, and daisy 
fleabane. Height varies from 3 to 10 inehes. Sods 
selected as typical of prairie at Hebron, Neb., on June 
26, 1942. 


the new growth merged into the general prairie cover 
(Fig. 54). But where some grass as bluegrass or 
June grass had covered a bared area in an almost 
pure stand, the striking difference in color demarked 
the spot even after the grass had been mowed. The 
green or bluish green of the younger plants contrasted 
with the gray stubble of more mature surrounding 
grasses. In wheat grass alone recovery by seedlings 
had been almost entirely replaced by a dense sod 
formation from rhizomes. Here, seedlings of blue 
grama and side-oats grama only were sometimes 
plentiful. Thus, except in wheat grass, reseeding had 
been a foremost method in recovery and in most prai- 


ries nearly all bared spaces had been repopulated. 
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Fic. 53. Various stages in growth of needle grass 
(right) and June grass (left). The smallest plants are 
of the current year’s growth (samples were taken from 
a prairie in June, 1943); the largest with flower stalks 
were completing their third summer of development. 





Fig. 54. 


Three-year-old stand of June grass in for- 
merly bare soil in prairie near Crete, Neb., May 8, 1943. 


EXPRESSIONS OF RECOVERY 

Expressions of recovery were increase in numbers 
of plants, inerease in vigor and stature, the resultant 
thickening of the stand and the exclusion of ruderals. 
Recovery was also expressed by accumulation of 
debris, reappearance of societies of forbs, reconstruc- 
tion of a layered vegetation, and finally by an in- 
creased yield. 

INCREASE IN NUMBERS AND STATURE 

The number of plants increased very rapidly once 
adequate soil moisture was continuously available. 
This occurred not only as a result of the germination 
of seed but by vegetative means as well. Amorpha 
canescens, for example, put forth two to four times 
as many stems from its widely spreading under- 
ground parts as it did during years of water defi- 
ciency. Nearly all species with rhizomes increased 
the number of plants far beyond that of drought. 
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The breaking of dormancy added new individuals 
from rooterowns, rhizomes, and roots, where few or 
none had appeared in previous years. 

Inerease in vigor of growth and stature was first 
apparent in 1938, and was repeated regularly after 
a period of inactivity was followed by especially 
good conditions for development. But favorable con- 
ditions were long maintained only after 1941. The 
plants responded accordingly. The large stature and 
thick stand of a short grass is shown in Figure 55. 





Excellent growth of buffalo grass on June 
The staminate culms on 
Note stolons at left, 
and pistillate flowers in the foliage of bunch on the right. 


Fig. 55. 
10 under good rainfall in 1942. 
the left are about 15 inches tall. 


Helianthus rigidus, normally about 2.5 feet tall and 
with only one or two flower heads, attained a height 
on the hilltop of 42 inches and the plants produced 
an average of 5 heads. Foliage of prairie dropseed 
was much taller, the leaves longer, and flower stalks 
higher than was ever observed in any prairie before 
the drought. Height growth of needle grass, Indian 
grass, and indeed most prairie species was unusually 
great. Big bluestem reached a height on upland 
previously found only in ravines. The increased vigor 
was clearly due in part to an excellent water content 
of soil and aerial conditions favorable to growth, and 
probably to the release of unusual amounts of nitrates 
(always low in prairie) and other nutrients from the 
rapid decomposition of dead underground parts long 
stored in a dry soil. Possibly the rest period itself 
may have had a stimulating effect on some plants. 
The greater vigor and increased stature of plants 
in drought-disturbed places were very evident when 
the plants were compared with those in adjacent un- 
disturbed prairie. This was done on a 400-acre tract 
near Lincoln on August 7, 1943. In the disturbed 
portion the general foliage level of a mixture of big 
and little bluestem and side-oats grama was 24 inches, 
and the abundant flower stalks were 3 to 5.5 feet tall. 
The foliage cover was 95 to 100 per cent. In ad- 
jacent relict prairie, also on level low ground, the 
height of foliage was 14 inches, there were no flower 
stalks, but the foliage cover was equally dense. It 
consisted in part of Kentucky bluegrass with abun- 
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dant flower stalks, in this old sod-bound portion. In 
the disturbed prairie, the foliage was very irregular 
in height, the basal cover was below normal, and there 
was a much larger percentage of side-oats grama. 
Forbs were few, and the understory was poorly devel- 
oped. Indian grass was found in the relict prairie 
only, as also were Baptisia leucophaea, Hieracium 
longipilum, Echinacea pallida, Salvia pitcheri, and 
numerous other forbs. 

Thickening of the stand was pronounced every- 
where. Bunches that before were only sparsely filled 
with stems now produced them in great abundance. 
One of the most impressive features of prairie in 1943 
was the density of the foliage. Where much bare 
ground was formerly exposed there was now suffi- 
cient cover to conceal the soil, unless one looked al- 
most vertically downward. In relict stands of blue- 
stems, foliage cover was sometimes 100 per cent. 
There was a searecity of most forbs, and an unusual 
prevalence of grasses. The increased cover had a 
very marked effect upon reducing the light and ex- 
cluding weeds. This change added greatly to return- 
ing the prairie to a more normal appearance. 

With inerease in plant population and amount of 
foliage, there was also an increase of debris. In 
most places enough plant parts had accumulated to 
cover the soil with a thin mulch, which was quite in 
contrast to the bare, black soil even in 1940-41. 


REAPPEARANCE OF FORBS 

Little replacement of the native forb population 
oceurred over a period of 6 or 7 years, since failure 
to complete vegetative growth or to blossom or ripen 
seed was usual. Seasonal aspects, if any, were poorly 
marked. There was both a dearth of seed and an 
unfavorable environment for germination and estab- 
lishment. Seedlings of forbs were rare until 1941-42. 
Many forbs which had vanished from all but relict 
patches of little and big bluestem prairie returned 





Fig. 56. Single relict blue-eyed grass 


plant of 
(Sisyrinchium campestre) with 36 scapes and over 200 


flowers and flower buds. Year-old plants (right) with 
one or two flower stalks about 6 inches tall. Note also 
seedling plants of prairie cat’s-foot. Grasses have been 
removed. Photo May 19, 1943. 
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after a year or two of good precipitation. Sisyrin- 
chium campestre which had not been seen anywhere 
after 1934 occurred in great numbers in 1943. This 
vernal species must have sprung from seed widely 
seattered, even in the driest places, since practically 
all plants had only one or two stems. After long 
search a predrought specimen of large stature was 
found in an old trail where it had endured the 
drought (Fig. 56). Of course, the seedlings might 
have started growth a year before they blossomed 
and their grass-like leaves had escaped observation. 
But in 1943, plants were comomn to extremely abun- 
dant over all the prairies including the wheat grass 
type. At Valparaiso, for example, they grew more 
thickly than if the stands of 7 normal vears had been 
combined. Thus, they more than compensated in 
seed production the loss in the long years of drought 
(Fig. 57). Quadrats placed at random revealed an 


average of 224 plants and 368 flower stalks per 
square meter. There were no big bunches. The 
plants appeared to be only 1 to 3 years old. Such 


dense and continuous stands as these had never before 
been seen. 





Vernal society of blue-eyed grass on hillside 


Fig. 57. 
in prairie at Valparaiso, Neb., May 19, 1943. 
young plants. 


All are 


Viola pedatifida, another species of the understory, 
was found only rarely and always as single individ- 
uals on low, relict prairie during drought. It now 
became common, and occurred on uplands in several 
prairies, but not abundantly. 

Antennaria campestris, formerly occurring widely 
and in great patches in the understory, became rare 
in the prairies after 1936. It had returned mostly 
as individual plants, although a few small patches 
survived. At first the plants had only one or two 
stems and no flower stalks. Where a few mats of this 
stoloniferous composite were found, the largest sel- 
dom. exceeded 1 to 1.5 square feet in extent and it 
could easily be seen that all but the central part was 
relatively new growth (Fig. 58). 

Nothocalais cuspidata, formerly widely but lightly 
seattered among the grasses, like Hieracium long- 
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pilum, disappeared for a period of years but reap- 
peared slowly in 1943, undoubtedly from seed. Quite 
in contrast to these was downy gentian (Gentiana 
puberula), formerly found but rarely. It had in- 


creased with the cessation of drought and now oe- 
curred in such abundance that 15 or more plants 
were counted in a space of a few square rods. 





Fig. 58. Mat of Antennaria campestris about 8 inches 
in diameter on left. The central stem is two years old. 
The two lower, large tufts are a year old, and the new 
growth is of the current year. Photo May 19, 1943. On 
the right is a seedling Cogswellia daucifolium and plants 
1, 2, and 3 years old respectively. 


Species of Cogswellia had again become very abun- 
dant in patches in thin soil on slopes and hilltops. 
This inerease- was by seedlings; not all but most of 
the old plants had died from desiceation (Fig. 58). 
Seedlings and young plants of Kuhnia glutinosa have 
been found in considerable numbers since 1942 about 
the relatively few old plants that survived the drought, 
probably because of their extremely long taproots. 

Vicia americana which decreased almost to the point 
of vanishing appeared again in considerable abun- 
danee. Salvia pitcheri, a tall and conspicuous blue 
sage, was represented widely by seedlings and young 
plants over many lower slopes. Only rarely did a 
mature plant survive the drought. Silene antirrhina, 
very abundant in early drought, appeared again in 
considerable abundance in 1942, after a period of 6 
years. This was true also of the annual yellow flax 
(Linum sulcatum) and milkwort (Polygala verticil- 
lata). In the few prairies where it occurred in 1933, 
Morongia uncinata, which had become rare, greatly 
increased. Quite to the contrary, plants of Opuntia 
humifusa nearly all died. 

Certain species with strong taproots and well 
developed rootcrowns became dormant and stems did 
not appear above ground during a period of 5 to 7 
years. Astragalus crassicarpus was rarely seen dur- 
ing the drought and then always in places of unusual 
moisture supply. Many young plants were observed 
and excavated in 1943, but they were only 1 to 2 
years old and did not blossom (Fig. 59). Not infre- 
quently a group of 3 to 5 growing together from 
seed of the same fruit appeared as one large plant. 
Conversely, the single smali shoot, or somet:mes two 
or three from an old crown, could be mistaken easily 
for a two-year-old seedling. Many large rooterowns 
(probably 10 to 15 years old) which formerly sup- 
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ported numerous widely spreading shoots were so 
weakened that they gave rise to only one or two 
shoots. During the years 1942-43 only a single old 
plant was observed that flowered and produced fruits 
in normal abundance. 





Astragalus crassicarpus 1, 2, and 3 years old 
Psoralea esculenta with the enlarged tap root, 
The 
two younger plants on the right were in their second 


Fig. 59. 
(right). 
2.25 inches in diameter, is a survivor of drought. 
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year of growth. Photo May 19, 1943. 

Psoralea floribunda was represented by many seed- 
lings during the 3 years of recovery. The new single- 
stemmed plants ranged from 5 to 10 inches in height. 
But exactly similar plants were found arising from 
large roots or rootcrowns, often much decayed, which 
had been dormant during the long drought. The sil- 
very psoralea (P. argophylla) recovered from drought 
in a very similar manner; seedlings frequently oe- 
curred in great abundance. Some seedlings of P. 
esculenta, 1 to 3 years old, among the many observed, 
were excavated. The excellent storage organ, a much 
swollen root, enabled some plants to endure the 
drought; the buds on the rooterowns survived long 
periods of dormancy (Fig. 59). 

Hundreds of small, single-stemmed plants of Bap- 
tisia leucophaea were observed, especially in 1943. 
All that were excavated had arisen from the old root- 
crowns. Many of these were of great size and had 
previously supported large many-stemmed plants. 
Often much of the old crown or taproot had decayed. 
While many new plants of Lithospermum lineari- 
folium and fewer of L. gmelini grew from seed in 
1942-43, others arose from predrought rootcrowns. 
During the drought most of these did not produce 
new growth above ground. The prairie clovers, 
Petalostemon purpurea and P. candida, reappeared 
from rooterowns as did also an occasional purple 
cone-flower (Echinacea pallida). 

Helianthus rigidus again appeared in something of 
normal abundance in parts of certain prairies for the 
first time since 1934. All plants examined were from 
rhizomes or rooterowns and not from seed. Many 
new offshoots sometimes resulted from a single relict 
plant. Most plants of Liatris scariosa were killed, a 
few endured as corms. Erythronium mesochoreum 
survived the drought because of its deeply placed 
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bulbs and spread widely even onto uplands when 
the intensive competition of a 

Conversely, Lepachys columni- 


drought removed 
closed plant cover. 
fera survived the drought in the seed stage. 
Throughout the drought years the seasonal aspects 
were almost absent, so scarce were the forbs (Weaver 
& Albertson 1943). Although the flora of forbs had 
distinetly increased in both species and abundance in 
some prairies, in others scarcely more than a dozen 
They were always fewest 


perennial species occurred. 
For example, 20 


in a cover of western wheat grass. 

species of perennial forbs were counted in a large 
upland prairie at Crete in 1943, but only 6 in the 
portions covered with wheat grass. To appreciate 
their scarcity, compared with predrought abundance, 
one had only to find a broad ravine in which little 
bluestem still persisted. Accompanying it were many 
species (23 in a ravine at Crete) such as Meibomia 
illinoensis, Fragaria virginiana, and Artemisia gna- 
phalodes, which had entirely vanished elsewhere. 

RESPONSE TO DROUGHT OF POSTCLIMAX PRAIRIE 

Following the years of good precipitation, the low- 
land vegetation made a remarkable growth in 1943. 
On bottomland prairie along the Weeping Water 
River near Union, Nebraska, tall panic grass on June 
24 had attained a height of 40 inches and slough 
grass 64 inches (Fig. 60). Big bluestem had a foliage 
level of 32 inches but nodding wild rye was 4 to 6 
inches taller. The stature of the forbs was likewise 
impressive. Leaves of Fragaria virginiana were 
often held a foot high in dense shade. Anemone 
canadensis was 17 inches high and Rudbeckia hirta 
reached the general level of the bluestem foliage. 

In September the height of foliage and flower 
stalks of the grasses was again recorded in inches 
as follows—height of flower stalks being in paren- 
theses: Spartina pectinata, 75 (117); Andropogon 
furcatus, 72 (113); Sorghastrum nutans, 82 (108) ; 
Panicum virgatum, 50 (90); and Elymus canadensis, 
60 (73). The grass was thick and formed a wall 
beyond the swath of the mower. The leaves of 
slough grass, for example, were 8 in number; only 
the two lowest were dead, despite the dense shade. 
Average length was about 48 inches and the width 
was three-fourths inch. Water had been plentiful at 
all times and the yield was more than 4 tons per acre. 

Almost equally good growth, and quite beyond the 
normal, was observed at Lincoln, where slough grass 
was rather constantly supplied with an abundance of 
water for the first time since the drought. This grass 
reappeared in certain ravines where during drought a 
dense stand of wheat grass prevailed. Its large 
coarse rhizomes had remained dormant. Other spe- 
cies that behaved similarly in less moist portions of 
ravines were tall panic grass, wild rye, and big 
bluestem. After the mass invasion of wheat grass 
and its absorption of the soil moisture in early 
spring, they remained dormant, or grew feebly dur- 
ing 1938. All of these species are well provided 
with at least short rhizomes. 

A remarkable change in the population of grasses 
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oceurred in the lower portion of a postelimax prairie 
near Greenwood in eastern Nebraska. This tract has 
been under close observation since 1936, since it has 
been used in experimental work (Marsh 1940, Weaver 
& Hansen 1941) and also for study by elasses in 
ecology. This tall-grass prairie was on nearly level 
land on the outer edge of the flood pla’n and one- 
half mile from Salt Creek. Precipitation was sup- 
plemented by runoff water from surrounding low 
hills and from the upper portion of the prairie which 
extended half a mile along a broad depression to 
higher land. When feneed in 1937, big bluestem 
composed fully 95 per cent of the grasses, although 
formerly there were considerable amounts of slough 
grass scattered throughout. The pra:rie was mowed 
for hay late each year. 





Postelimax prairie near Union, Neb., on June 
Tall panic grass in foreground is 36 inches 
tall, and slough grass in background is 64 inches high. 
The largest stems were 13 mm. in diameter. 


Fig. 60, 
24, 1943. 


The soil was so wet during 1937 that even in June 
the surface was constantly saturated. This was by 
far the best year for growth until 1943, and the 
yield of hay was approximately 4 tons per acre. The 
following year was drier, since there was on'y one 
heavy spring rain with high runoff, but the bluestems 
made a good growth (Fig. 61). Severe drought 
oceurred in both 1939 and 1940 (Tig. 62). There 
was an excellent growth of bg b'uestem during the 
years of better prec’pitation (1941-42) but little 
change in the composition of the vegetation. 

The prairie was burned in winter of 1942-43 and 
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Fic. 61. Postelimax prairie at Greenwood, Neb., in 
September, 1938. The average height of the nearly pure 
growth of big bluestem is 5.5 feet. Only a small amount 
of slough grass, the inflorescences of which photographed 
dark, was present. 








Fic. 62. View of same area as Figure 61 on September 


29, 1940, after two dry years. Big bluestem is about 
2.5 feet tall. Nodding wild rye and slough grass (which 
did not produce flower stalks) occur in the roadside 
ditch in the foreground. 


heavy rains in the spring deposited a thin layer of 
silt, about .25 inch deep, over the whole area. Big 
bluestem did poorly during the late, wet spring, but 
slough grass appeared nearly everywhere and flour- 





ished. An examination on August 4 revealed that 
slough grass was seattered lightly to thickly all 


through this level land and that big bluestem formed 


an understory. It was 36 inches tall where slough 


grass composed half or more of the mixture and 
only 12 to 18 inches where this hydrophyte was 
thickest. The bluestem leaves were narrower and 


more attenuated than where this grass grew alone. 
Many leaves were dead. Rhizomes of slough grass 
apparently were widely distributed all through this 
grassland but most of them had been dormant during 
the years of drought. Slough grass had grown lux- 
uriantly, reached a height of nearly 7 feet and blos- 
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somed early in August (Fig. 63). It was estimated 
that the slough grass over previous 
drought years was 10- to 12-fold. 
and Elymus canadensis had both inereased, but to a 
much smaller The understory of shade- 
enduring mesophytes remained undisturbed but an 
increase in stature of certain tall, late-blooming 
forbs was very noticeable. Thus, it seems that this 
postelimax prairie had high potentialities, the more 
hydrie slough grass dominating in a series of wet 
years and big bluestem during the drier ones. 


inerease of 
Panicum virgatum 


degree. 





Detailed view in the same prairie on August 
4, 1943, when an excellent growth of slough grass 6 to 7 


Fig. 63. 
feet tall from formerly dormant rhizomes suppressed 


much of the big bluestem. The vegetation was too tall 
to secure a general view as in preceding years. 


INCREASE IN YIELD 

Dry weight has long been considered the best meas- 
ure of growth. In determining plant production in 
relation to water content of soil, yield from five sam- 
ple plots, each 4 square meters in area, had been 
taken at many prairies during the last dry year 
(1940) and the first moist one (1941). These prairies 
included Lincoln and Hebron, Nebraska, and Belle- 
ville, Kansas (Weaver & Albertson 1943). Yields 
were not obtained in 1942 but they were ascertained 
again, from 10 plots of 2 square meters each, in each 
prairie in 1943. Each year all samples were taken 
in the relict bluestem type, except at Lincoln. They 
were from areas selected as typical of the type. Dur- 
ing each of the three years the plots at Lincoln were 
on rolling topography and the vegetation varied from 
nearly pure prairie dropseed through mixtures of 
bluestem to nearly pure needle grass. At Belleville 
the sampling areas were on an east slope, at Hebron 
they were spaced over rolling terrain. 

The annual precipitation was not so high in 1943 
at any of these stations as it was in 1941 and 1942. 
Yields, however, were high, since the preceding years 
had built up a reserve of soil and subsoil moisture, 
such reserve not being present in 1941. Moreover, 
rainfall in spring and early summer was ample (Figs. 
2 and 3). Late summer drought, however, did re- 
duce an otherwise excellent yield (Table 7). 
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Yields from the 10 plots at Lincoln were very con- 
sistent, except for a single low yield (998 grams) 
from needle grass. Otherwise they ranged between 
1,083 and 1,301 grams per plot. This 
fairly uniform distribution of a good cover. At 
Belleville the vegetation was less uniform. About 
half of the samples were of big bluestem and the 
remainder of nearly pure little bluestem or with this 
species at least dominating and big bluestem ranking 
second. Little bluestem vielded much less and varia- 
tions in the plots were from 541 to 1,055 grams. At 
Hebron the chief species in every sample was big 
Side-oats grama and little bluestem were 
the other important grasses. Here the yields ranged 
between 643 and 1,059 grams. Flower stalks, except 
of blue grama, constituted no part of the yield, since 
the grasses were harvested in August before they had 
developed. There were very few forbs. Yields at 
the three stations for the last year of drought, 1940, 
and the good years, 1941 and 1943, are shown in 
Table 7. 


revealed a 


bluestem. 


TABLE 7. Total yield in grams per 20 square meters 
and in tons per acre at three prairie stations during 
three years. 





1940 1941 1943 
Station —~ ~ -— 
Grams | Tons | Grams | Tons | Grams | Tons 
Lincoln 4,587 | 1.02 | 7,341 | 1.64 |10,596 | 2.36 
Hebron 2,832 | 0.63 | 8,728 | 1.95 | 9,025 | 2.01 
Belleville 3,326 | 0.74 | 8,781 | 1.96 | 9,320 | 2.08 
Average 3,582 | 0.79 | 8,283 | 1.85 | 9,647 | 2.15 


These yields correspond in general with the pre- 
cipitation and especially the available soil moisture 
as has been shown for the last dry year (1940) and 
the first moist one (1941) by Weaver and Albertson 
(1943). Severe midsummer drought oceurred at all 
the stations in 1940 (Fig. 4). The green color of the 
grasses practically disappeared in July when the 
bluestems turned reddish brown as they normally do 
in October. The grasses dried and yields were low. 
In 1941 precipitation was far above normal except at 
Lineoln, a condition which is reflected in the lower 
yield at this station. Rainfall was especially heavy 
during April, May, and June, but with few exceptions 
a good water content of soil was maintained at most 
soil depths throughout the season. 

Although the total precipitation in 1943 was some- 
what less than that of either of the two preceding 
years, this deficiency occurred mainly late in the year 
after the grasses had made a good growth. In 1942 
the subsoil had received much moisture and this re- 
serve supply was available for growth in 1943 (Fig. 
5). Soil sampling at Belleville and Hebron was done 
only intermittently in 1943. At both stations the 
soil was wet to at least 6 feet late in May. In July 
and August both rainfall and water content of soil 
were less at these stations than at Lincoln, a faet 
which probably accounts for the differences in yield. 

Since this is a study of recovery as expressed in 
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yield, only the average differences by years need be 
considered. Total plant production in 1941 was 2.3 
times that in 1940. Yield in 1943 was 2.7 times as 
great. Moreover, vield in 1943 was 1.2 times as great 
as that in 1941. This last difference is not because 
of more precipitation in 1943, but is due to the eumu- 
lative effect of the thickening of the plant cover. 


DISCUSSION 
Extended studies in true prairie before, during, 
and following the great drought have revealed that 
this grassland represents a very complex and an ex- 
It possesses dominant 
Little bluestem, big 


ceedingly dynami¢ community. 
species of various extraction. 
bluestem, Indian grass, prairie dropseed, and _ tall 
panic grass have from a warmer, southern 
climate. Needle grass, June grass, nodding wild rye, 
and western wheat grass are northern in origin. From 
the high plateaus of the arid southwest have come 
side-oats grama and blue grama. Buffalo grass is 
from the semiarid west. A mixture of these species 
denotes great potentialities as regards adaptation to 
wetter and drier sites, seasons for growth, and ad- 
justments to periods of moist years or to eyeles of 
drought. These species also exhibit varying degrees 
of tolerance to shade, to annual mowing, and to 
grazing. 

Adaptation to lowland, upland, and intermediate 
sites was clearly expressed in the several grassland 
types or communities, as was shown by extensive 


come 


predrought studies (Weaver & Fitzpatrick 1932, 
1934). Cool season species make their chief growth 


in spring and produce seed in early or midsummer. 
They resume growth in fall and thus greatly extend 
the length of seasonal activity and the period of green 
forage for cattle. Warm season species begin devel- 
opment much later in spring but grow continuously 
until early fall and thus produce much foliage in 
midsummer. 

During years of normal precipitation, the more 
mesi¢ grasses, especially the bluestems and the intro- 
duced Kentucky bluegrass, with their dense stands 
and luxuriant foliage almost overwhelmed most other 
upland prairie grasses. Exceptions were needle grass 
and prairie dropseed, each of which dominated com- 
munities on many drier hillsides. Species of high 
drought resistance, as side-oats grama, blue grama, 
and buffalo those well adapted to evade 
drought, as western wheat grass and Pennsylvania 
sedge, occurred only in small amounts. None com- 
posed as much as one per cent of the basal cover, 
as was shown by very extensive quadratting and ob- 
servations over a period of years (Weaver & Fitz- 
patrick 1934). But these grasses were the reserves 
adapted to a more xeric climate where mesic com- 
petitors fewer and When 
drought came and most vegetation was swept away, 
it was then that they increased rapidly and spread 
widely. With needle grass and prairie dropseed, 
which also migrated outward from their former re- 
stricted areas, they repopulated the soil and com- 
Thus, on upland as well 


grass, or 


less aggressive. 


were 


pleted a new prairie cover. 
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as on lowland, in the mixture of grasses there are 
species adapted to different extremes of prairie cli- 
Nature has at hand but in reserve a group 
of grasses and forbs well fitted to endure great 
drought. Nor has drought swept away all of the 
grasses and forbs best adapted to furnish the prairie 
cover in times of good supplies of moisture in soil 
and air. In seeds, rooterowns, rhizomes, roots, ov 
other parts, undoubtedly life in some of all prairie 
species remains. They will probably reappear and 
resume their former place in grass'and. 

Complete recovery, even under the most favorable 
weather, will require much time. Return to the pre- 
drought dynamic equilibrium of climax types will 
necessitate many changes. Western wheat grass is 
now so firmly established that its suppression as well 
as that of the short grasses may occur slowly. The 
area dominated by needle grass may also again be- 
come greatly restricted. Not only is time required 
for the suppression of the more xeric species but also 
for the more mesie ones to regain the:r former great 
abundance and wide distribution. Many years with 
good precipitation will be required to replace in 
grassland its various societies of compos'tes, legumes, 
and other forbs. Much time will be needed to rebuild 
into the prairie its layered structure, and for it to 
regain the same high degree of dynamie stability that 
it possessed before the great catastrophe of drought. 


ENVIRONMENT IN MIXED PRAIRIE 
A marked change in the environment of mixed prai- 
rie followed the extremely dry winter of 1939-40. 


mate. 
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Precipitation increased, at first gradually and then 
to a remarkable degree. Water content of soil be- 
came correspondingly greater, and in other ways con- 
ditions for recovery of the greatly depleted vegetation 
became very favorable. 
PRECIPITATION 

The average annual precipitation at the base sta- 
tion, Hays, Kansas, is 22.9 inches. During the 6 
years preceding drought it was approximately 5 
inches above normal. Throughout the drought years 
(1933-39) it was below normal every year. The 4 
driest years, 1933, 1934, 1936, and 1939, each had 
approximately 16 inches. Thus, the last year of 
drought was also one of the most severe (Fig. 64). 
Precipitation in 1940 was approximately normal, that 
during the two following years was far above av- 
erage. It was during these good years that soil mois- 
ture was replenished. Upon this reserve the vegetation 
continued to grow, although not luxuriantly, despite 
the decreased precipitation in 1943 (16.2 inches). 

Precipitation of the growing season (April to Sep- 
tember) has a greater effect in promoting growth and 
recovery of the vegetation than has total precipitation 
for the year (Fig. 65). June and August were the 
only months in 1939 with considerable rainfall. In 
1940 both May and June had moderate amounts with 
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Fic. 65. Rainfall during each month of the growing 
season at Hays, Kan., from 1939 to 1943, inclusive. 
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good rainfall the three following months. Very heavy 
rains fell April, May, June, and August in 1941- 
42, and enough the other months to produce an 
excellent recovery of vegetation. But in 1943 rain- 
fall was deficient every month of the growing season 
except September, and especially deficient in June 
when only an ineh of rain fell. Precipitation at 
more westerly stations is included with tables on re- 
covery. For these conditions were clearly reflected 
not only in the water content of the soil but also in 
development of vegetation. 


WaTER CONTENT OF SOIL 

The amount of moisture in the soil is especially 
important in mixed prairie since it is nearly always 
the limiting factor in plant production. Samples of 
chernozem soil were taken at Hays, Kansas, from a 
typical upland silt-loam with a mature profile. The 
hygroscopic coefficients were approximately 12 to 13 
per cent (cf. Albertson 1937). Available water cov- 
tent during the last summer of severe drought (1939) 
and the four following growing is shown in 
Figure 66. 

There was never any available soil moisture below 
6 inches during the extremely dry season of 1939. 
Hence the chart showing water content is not ex- 
tended to a greater depth than two feet, although 
taken to 5 feet in depth. Available 
the upper 6 inches was never 
greater than 10 per cent except during the fourth 
week of June and the third week of August. Less 
than 5 per cent was present during 2 weeks of June 
and less than 10 per cent during the second and 
fourth weeks of August. It is significant that even 
with showers as great as 1.5 inches, such as the one 
received on June 14, comparatively little water was 
stored in the soil. The explanation of this doubtless 
lies in the fact that much of a dashing rain of this 
amount, because of the relatively impervious soil and 
searcity of vegetation, is lost by runoff to the soil 
upon which it falls. 

Available water content in 1940 was also almost 
entirely confined to the first two feet of soil and 
nearly always to the first 12 inches. This occurred 
despite the normal annual precipitation since there 
was no reserve water from 1939. Rainfall by months 
is shown in Figure 65. No rain fell late in June 
but more than 4 inches in July. Dry soil oceurred 


seasons 


samples were 
water content in 


in August despite more than 3 inches of rain. Soil 
moisture was much higher in 1941 (Fig. 66). The 


soil was constantly moist to 3 feet in May and June, 
but dry at greater depths. This condition also main- 
tained the first half of July, after which a moderate 
midsummer drought occurred. 

In 1942 a good water content of soil to a depth 
of 5 feet was usual, but there were exceptions, as in 
the deeper soil in late summer. But the mixed prairie 
vegetation grew without interruption and produced 
a very large yield. Low water content below a 


depth of 2 feet in fall was not replenished by rains, 
and in 1943 the available supply was soon completely 
exhausted. 


Only an inch of rain fell in June and 
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water was often nonavailable for growth even in the 


first and second foot (Fig. 66). 
tarded and yields greatly reduced. 

Soil moisture by months at Phillipsburg and Digh- 
ton during 1939 to 1943 inelusive, is shown in Figure 
67. Conditions of soil moisture in 1939 and 1940 
were those of drought, and somewhat less favorable 
than those at Hays. They improved greatly in 1941, 
and at both stations (unlike Hays) water was usually 
available to a depth of 5 feet. A good water content 
of soil, with few exceptions, prevailed at Phillips- 
burg in 1942. The amount available for growth was 
somewhat less at Dighton than at either Phillipsburg 
or Hays. Rainfall was low in May except at Hays. 
In 1943 there was enough soil moisture to promote 


Recovery was re- 


good growth at Phillipsburg until August, when 
drought oceurred. Little water was available for 


growth at Dighton after May and recovery 
tation was retarded accordingly. 


of vege- 


WIND 
Total wind movement in miles per month for the 
growing season during the years of drought and for 
each month during the years of recovery is given in 


Table 8. 


TABLE 8. Average total miles of wind movement per 
month at Hays, Kansas, during the growing seasons 1933 
to 1939, inclusive. Also wind movement during each 
month of the growing seasons of 1940 to 1943.7 




















| | 

Year | April | May | June | July | Aug. | Sept. | Total 
1933 to 1939| 7,693] 6 602) 5, 989| 5,853) 6 -048| 5,961) 38,22 
1940.. | 7,992] 6, 250) 6, poo 6,398) 4, 389) : 5,184) 36,621 
a 17 7,272) 5,654! 5 pe 4,390) 4 613} 6,912) 34,313 
1042... 6.35.) 7,344| 7,291| 5,4 72| 5,431| 5,506] 5,112) 36,156 
| +n 6,473) 7,200) 5 ,729| 5,72! 9) 5,256) 36,579 

| | | | | } 

| | | | | 

Av. 1940-1943. .| 7,200] 6,417] 6,138] 5,487] 5,059 35,917 


5,616| 


| | | 


1Data on wind movement and evaporation were obtained from meas- 
urements made at Hays, Kansas, by the Division of Dry Land Agri- 
culture, Bureau of Plant Industry, U. 8S. Department of Agriculture. 





Casual examination shows that wind movement 
each month during drought was very great. It re- 
mained high each month in 1940 except August. 
During the following years it was nearly always less 
each month and sometimes 1,000 to 1,500 miles less 
than the average during drought. Exceptions when 
wind movement was greater occurred in September, 
1941, May, 1942, and June, 1943. Total wind move- 
ment in 1941, 1942, and 1943 was 3,923, 2,080, and 
1,657 miles less, respectively, than the average dur- 
ing drought. 

The great dust storms of the drought period and 
their harmful effects upon grassland have been de- 
scribed (Albertson & Weaver 1942). In 1940 dust 
storms were comparatively infrequent. Those that 
did occur were mostly confined to the western part 
of Kansas and adjacent territory. In 1941 they were 
much less frequent than in any of the 7 years pre- 
ceding, although in March loeal storms did oceur in 
many counties in the western third of Kansas and in 
eastern Colorado. In 1943 there was considerable 
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Fig. 66. Available soil moisture to a depth of 5 feet in short-grass (Buchloe-Bouteloua) habitat at Hays, 
Kan. No water was available for growth below 2 feet during 1939 and 1940, or below 3 feet in 1941; hence the 
deeper soil levels are not shown for these years. 
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Kan. (upper panels), and Dighton, Kan. (lower panels) 
of each column. 


wind erosion in the western third of Kansas but dust 
storms of a local nature occurred only in a few places, 
some as late as May. But none of these took on the 
intensity of the black blizzards of 1935 nor were 
they of such long duration, and the amounts of dust 
carried by them were comparatively small. 








Fig. 67. Available soil moisture each month of the growing season (April to August, inclusive) at Phillipsburg, 


. Current monthly rainfall in inches is given at the foot 


EVAPORATION 
The average monthly evaporation from a free water 
surface during the growing season for a period of 7 
years (1933 to 1939) gradually increased from 6.6 
inches in April to 13.2 in July, after which it de- 
creased to 8.1 inches in September (Table 9). 








TABLE 9. Average monthly evaporation in inches from 
a free water surface during the growing seasons, 1933 
to 1939, inclusive, at Hays, Kansas. Also, deviation 
from this average during each of the four following 
years, and average evaporation during the four years. 





Year April | May | June | July | Aug. Sept. | Total 

Av. 1933 to 1939.| 6.6 | 7.5 | 10.2 | 13.2] 11.3] 8.1 | 56.9 
1940 —0.8 [40.2 [40.2 |-1.7 |—3.9 |—1.7 |— 7.7 
1941. $8 11,2 ]=2.8 |<3.5:|—2.4 |-0.5 |= 2 
1942 —2.0 |—0.6 |—4.1 |—2.9 |=—3.1 |—2.3 |—15.0 
1943 +0.3 |-1.6 |-—0.3 |-—2.9 |-0.2 |-1.7 |— 6.4 
Av. 1940 to 1943.| 5.3 6.7 8.5 10.5 | 8.9 | 6.6 46.5 


During 1940 evaporation was slightly higher (0.2 
inch) in May and June than the average of the 
drought years. Otherwise it was enough lower each 
month to reduce the average for the growing season 
7.7 inches. In every month of the growing season 
of 1941 and 1942 water losses by evaporation were 
reduced 0.5 to 4.1 inches. Total evaporation losses 
were 13.2 and 15.0 inches less, respectively, than dur- 
ing the drought. In 1943, a year of decreased 
precipitation, losses were 0.3 inch higher than the 
drought average for April, but otherwise 0.2 to 2.9 
inches lower. Average loss was 6.4 inches below the 
average for the 7 years of drought. 

TEMPERATURE 

The average maximum summer temperatures by 
months during 1940 to 1943 inclusive, were with few 
exceptions several degrees lower than the average 


monthly temperatures during drought. When the 
mean maximum temperatures by months of the 


period 1940 to 1943 are compared with those of the 
drought period, the following decreases are deter- 
mined for the period of recovery of vegetation: May, 
1.3°; June, 2.6°; July, 4.0°; August, 3.9°; and Sep- 
tember, 2.6 F°. Decreases in mean monthly temper- 
atures in the same order were 1.8°, 2.0°, 3.0°, 2.7°, 
and 2.3° 

Summarizing, the period of recovery, compared 
with the preceding one of drought, was one of greatly 
increased precipitation and soil moisture coupled 
with lower temperatures, less wind movement, and 
decreased rates of evaporation. The vegetation re 
acted to the changed environment by increase in 
number of species, greater density of cover, and large 
gains in quantity of forage production. 


RECOVERY OF VEGETATION 

Recovery of drought-depleted vegetation in mixed 
prairie—the central portion of the western range 
lying west of the ninety-ninth meridian of west longi- 
tude and east of the Rocky Mountains—has been 
fully studied. For despite the dry-land farmer, and 
much unwarranted exploitation of the prairie sod, 
the fact remains that the larger portion of this vast 
grassland has still been untouched by the plow 
(Great Plains Committee 1936) (Figs. 68 and 69). 
The importance of livestock production in the United 
States has but reeently assumed the deepest signif- 


icance of historic time. The highest efficiency in 
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Fig. 68. Range land near Ness City, Kan., illustrative 
of nearly level lands of the midwest still used only for 
grazing. Considerable disturbance by dust coverage has 
occurred in the foreground. 





Range land on steep loess hills near Broken 
It is representative of many square miles 
sast of the sandhills in central Nebraska. 


Fig. 69. 
Bow, Neb. 
of such land 


animal production and range management goes hand 
in hand with the greatest understanding of the range 
resources (McArdle & Costello 1936). This must be 
based on the life history of the vegetation and its 
response. to the environment. During eight years 
drought had prevailed; on some years the crop of 
native grasses failed completely and early in drought 
thousands of cattle either starved or were shipped 
eastward to new pastures. Any gains made by the 
vegetation in the period 1933 to 1938 were lost in 
the terrible drought of 1939-40. 

But better times had come. For three summers 
good rains had fallen, except in 1943 in southwestern 
Kansas, the Oklahoma and Texas panhandles, southern 
Colorado and northeastern New Mexico; in short, in 
the area of the old dust bowl. Even here vegetation 
had usually made considerable recovery, and the de- 
gree of recovery was remarkable whére ra‘nfall was 
ample (Figs. 70 and 71). It had often been mod- 
erately good even in the area in or near the dust 
bowl, except where deep layers of loose soil buried 
all of the former vegetation. There it is still eovered 
with a stand of annual weeds (Figs. 72 and 73). 
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Fic. 70. A much denuded range near Alma, Neb., in 
1939, near the end of the drought. 





Fig. 71. Appearance of a range at Beardsley, Kan., 
after two years of good recovery. Buffalo grass forms 
the mats in the center of the picture and blue grama 
has an abundance of flowering spikes. August, 1942. 





Fig. 72. 
recovery had occurred in September, 1941. 


A range near Quinter, Kan., where partial 
The weeds 
(dark color) are mostly Russian thistle; they alternate 
with open patches of blue grama and buffalo grass. 
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Range near Kendall, Kan., which was thickly 
covered with dust in which grew a dense stand of Rus- 


Fig. 73. 


sian thistle, annual sunflower, and other weeds. There 
is practically no grass. August, 1941. 
The ranges of western Kansas were not fully 


stocked in 1941 to 1943, inelusive, a condition which 
maintained in many places elsewhere. Although em- 
phasis was placed on the production of more eattle, 
the herds had been so greatly depleted that, in gen- 
eral, the renewed cover increased more rapidly than 
the stock. In most of the ranges probably not more 
than half of the forage was utilized, and frequently 
only 10 to 20 per cent. Some, of course, were over- 
grazed; in others none of the vegetation was re- 
moved. The ranges would probably have increased 
their perennial cover even more rapidly if moderate 
grazing had been generally employed and much of 
the foliage which later formed excess debris had been 
consumed or trampled to the ground. 

The major features of recovery were closely con- 
nected with the behavior of three grasses, although 
there were several minor ones. These were buffalo 
grass (Buchloe dactyloides), blue grama (Bouteloua 
gracilis), and sand dropseed (Sporobolus cryptan- 
drus). Before the drought the first two of these, the 
short grasses, were fairly evenly intermixed over 
most of western Kansas, eastern Colorado, and west- 
ern Nebraska. 

Buffalo entirely disappeared from 
ranges; in others it remained alive only in the most 
favorable places as regards water supply. This 
occurred over thousands of square miles of land in 
the dust bowl. In addition this grass disappeared 
from the level areas of hundreds of other pastures 
eastward and northward. Conversely, many ranges 
retained occasional tufts or small sodded patches, 
and it was from these that regeneration proceeded 
so rapidly when the soil again became moist. 

Blue grama is much more drought resistant than 
buffalo grass and it was never killed so uniformly 
nor so completely over a wide area. In nearly every 
range, unless deeply buried by dust, some bunches 
of blue grama persisted. These drought reliets often 


increased greatly in diameter (sometimes to 10 or 12 


grass some 
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inches), and were found scattered thinly in pastures 
where no other perennial vegetation survived. 

Sand dropseed occurred widely but usually not 
abundantly before the drought, except in sandy soil. 
But when the silt loams and other types of hard- 
land soils became bare and warm the tiny wind- 
blown seeds of this drought resisting bunch grass 
were spread everywhere and plants often oceurred 
abundantly. They persisted tenaciously, even where 
much dwarfed by drought. 

Rate of recovery of vegetation varied greatly from 
place to place, since several conditions were involved. 
Chief among these were the kind of original vegeta- 
tion, the intensity of drought and consequent degree 
of depletion, and the kind of grass relicts at the end 
of the drought. Other factors were the amount of 
damage resulting from burial by dust and the inten- 
sity of grazing and trampling during the period of 
recovery, as well as the distribution of precipitation 
over various portions of the area during recovery. 
Thus, the process far from being simple was actually 
considerably involved. 


EXAMPLES OF RECOVERY 

A principle that held true throughout was that 
recovery was always slower where blue grama alone 
remained than where buffalo was the sole 
perennial grass or where it occurred with blue grama. 
This is well illustrated by the slow recovery of a 
range near Tribune, Kansas. The cover following 
the drought of 1939 was only 6 per cent. Nearly all 
was blue grama with a trace of sand dropseed. It in- 
creased continuously but slowly year after year. The 
percentages of blue grama (1940 to 1943) were 5.4, 
13, 18, and 21 respectively. Sand dropseed, which 
entered the quadrats in 1939, added a small inere- 
ment, which increased to 6 per cent, making a total 
basal cover of 27 per cent after the three years of 
recovery (Fig. 74). In another range a few miles 
distant, blue grama increased from 2.2 to 15 per cent 


grass 


in the same period. 

That buffalo grass spreads much more rapidly than 
blue grama is well illustrated by quadrats in a dust- 
covered pasture near Kendall, Kansas. In 1941, 
buffalo grass composed 1.7 per cent of the very 
sparse cover. But it inereased to 34 per cent the 
next year and to 47.4 in 1943. During this period 
blue grama increased from 1 to only 3 per eent, as 
did also sand dropseed (Fig. 75). On a range near 
Marienthal, Kansas, which was only lightly pastured 
after being heavily dusted, buffalo grass increased its 
basal cover (1940 to 1943) as follows: 1.7, 23.7, 84.5, 
and 93.4 per cent. Increase of blue grama was slow, 
in the same period of years; from 0.9 to 4.8 per cent. 
Thus, this wonderful recovery was due almost en- 
tirely to buffalo grass. 

Revegetation from a poor cover of mixed short 
grasses is well illustrated by quadrats in a pasture 
near Quinter. This range had been grazed by sheep 
rather continuously since 1937 and was closely grazed 
in 1942-43. The basal cover was composed entirely 
of the two short grasses. They were equally abun- 


F. W. ALBERTSON 


Ecological Monographs 


* ;’ Tr ae mal 
AND J. E. WEAVER Vol. 14 No. 4 


dant both in 1940 (total basal cover 7.8 per cent) 
and 1941 (24.6). Blue grama increased to 28 per 
cent in 1942, but decreased to 16 the next year. But 
buffalo grass increased first to 47 per cent and then 


to 79. Thus, in three years, despite the grazing, 
recovery resulted in a 95 per cent cover of short 


grass (Fig. 76). 





Fig. 74. large range near 


Tribune, Kan. 


A ‘typical quadrat in a 
In the fall of 1940 the grass was all 
blue grama with a basal cover of 5.4 per cent (upper). 
The same quadrat in 1942 (middle) with 18 per cent 


blue grama and 11 per cent sand dropseed. After 3 
years of recovery (lower) there was only 21 per cent 
basal cover of blue grama. 
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An example of a more rapid recovery where dust- 
ing had been less extensive but drought equally severe 
is taken from another pasture near Quinter. Here 
grazing was moderate. Increase of blue grama was 
slow from 1940 to 1943. The percentages of cover 
were 6, 12, 13, and 16, respectively. Buffalo grass 


developed very rapidly from 2 per cent in 1940 to 








Fig. 75. Typical quadrat on dusted range near Ken- 
dall, Kan. The original cover was almost entirely de- 
stroyed. Only fragments (about 2 per cent) of the short 
grasses remained in 1941 (upper). By 1942 (middle) 
buffalo grass had increased to 34 per cent basal cover, 
and in the fall of 1943 (lower) it composed 47 per cent. 
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a year later. It then increased its basal cover to 

and finally to 80 per cent. Thus, the total cover 
year by year (including a little sand dropseed which 
entered in 1941) was 8, 46, 66, and 98 per cent, a 
remarkably early recovery (Fig. 77). 

Where sand dropseed entered the range early 
(1937) it frequently played an important part in 
recovery. In this example near Quinter, the topog- 
raphy was quite rolling and the soil a sandy loam, 








Fig. 76. A mixed cover of blue grama and buffalo 
grass in a sheep range near Quinter, Kan. In 1939 the 
basal area was 22 per cent, but it decreased to 8 (upper) 
in 1940. By 1941 (middle) when the two grasses were 
equally abundant, the cover was 25 per cent. It in- 
creased to 95 per cent in 1943 (lower), but it was more 
than four-fifths buffalo grass. 
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Increase in two years, in a range near Quin- 
ter, from a basal cover of 8 per cent to one of 66 per 
Buffalo grass composed one-fourth of the vege- 
tation in 1940 (upper) but 80 per cent in 1942 (lower). 


Fig. 77. 


cent. 


conditions most favorable for this species. There 
was a fairly good cover of short grasses in 1939 but 
this bunch grass beeame only moderately abundant 
(Fig. 78). It decreased to 0.5 per cent in 1940 but 
was 12 in 1943. Blue grama increased from 1.6 to 
18, but buffalo grass from 1 to 32 per eent. Thus 
the basal cover was 62 per cent, an increase of about 
eightfold. 

Recovery on ranges with drifted soil was deter- 
mined largely by the amount, if any, of relict vege- 
tation. Occasionally it was rapid, usually there was 
a wilderness of annual weeds for a long time (Fig. 
79). 

RECOVERY IN UNGRAZED BUCHLOE-BOUTELOUA 
TYPE 

The increase in cover and changes in its composi- 
tion have been ascertained each year since 1932 in a 
range near Hays, Kansas.. Quadrats were marked 
out in 1932 after cattle were excluded. The grass 
had been subjected only to moderate grazing and had 
been protected from stock by a large exclosure 
(Albertson & Weaver 1942). Hence, changes since 
that time may be attributed solely to environment. 

In 1932 buffalo grass and blue grama occurred in 
a mixed stand of about equal amounts and together 
formed a cover with a basal area of 88.6 per cent. 
Losses of buffalo grass were greater than those of 
blue grama after 1934, but it recovered in 1938. 
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Quadrat in a range near Quinter where sand 
dropseed, became an important component of the recov- 


Fig. 78. 


ering vegetation. It composed 6 of the 19 per cent basal 
cover in 1939 (upper), decreased to 0.5 per cent the 
next year, but covered an area of 7 per cent in the 
greatly improved cover in 1941 (lower). 


Hence in 1938 the two dominants again occurred in 
approximately equal amounts, but each had a basal 
cover of only 15 per cent. After the severe fall and 
winter drought of 1939-40 blue grama was once more 
somewhat the more abundant. But during the fol- 
lowing period of recovery blue grama merely doubled 
in amount, while buffalo grass increased sevenfold 
(Table 10). 

TABLE 10. Change in percentage of basal cover in 10 
meter quadrats in typical areas of the ungrazed Buchloe- 
Bouteloua type at Hays, Kansas. 





T 


1939 | 1940 | 1941 


SE 


1942 | 1943 
13.0 | 10.3 | 13.9 | 14.9 | 21.8 
9.3} 9.2 | 41.3 | 79.8 | 65.9 


Total...........| 22.8 | 19.5 | 56.2 


Species 





Bouteloua gracilis... .. 
Buchloe dactyloides..... 














That recovery was very rapid in 1941-42 is appar- 
ent. During the following summer of decreased rain- 
fall there was a slight loss in the total cover. Since 
blue grama increased by about one-third, the loss 
was entirely that of buffalo grass. 
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A range with drifts of soil populated with 
Russian thistles; note the cactus with pack rat burrows 


Fig. 79. 


beneath it (upper). April 11, 1941. The dead Russian 
thistles have been blown into windrows. There were only 
a few remnants of buffalo grass. From these the grass 
spread so rapidly that in spots a cover of 20 per cent 
had been established in 1942. The lower view is of the 
foreground of the upper one in 1942. Note cover of 
buffalo grass. On other ranges where there were no 
relicts, annual weeds prevailed throughout. 


RECOVERY IN MODERATELY GRAZED BUCHLOE- 
BouTeLoua TYPE 

In the spring of 1935 meter quadrats were also 
staked and charted in representative portions of a 
moderately grazed range. This was during the 
drought, but the total basal cover was still 49.2 per 
cent, all but 0.1 per cent being composed of the two 
short grasses. Thereafter there was a decrease and 
only 27.8 per cent cover remained in 1939. As 
shown in Table 11, this was rather equally distributed 
between the two dominants. 

Increase in total cover was much less in 1943 than 
the very rapid recovery during the two preceding 
years. Buffalo grass was so aggressive that it con- 
tinued to spread somewhat at the expense of blue 
grama, a phenomenon that occurred elsewhere under 
rapid recovery but which is undoubtedly only tem- 
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TABLE 11. Change in basal cover in 10 meter quadrats 
in moderately grazed Buchloe-Bouteloua type at Hays, 
Kansas, 





Species 1939 | 1940 | 1941 | 1942 | 1943 
Bouteloua gracilis F 14.4 | 18.2 | 22.8 | 29.0 | 22.3 
Buchloe dactyloides.....| 12.3 | 8.3 | 19.9 | 42.2 | 53.4 
Sporobolus cryptandrus..| 1.1 Eel i. 3S eS ieee 
Aristida longiseta.... re 

Total... 27.8 | 27.6 | 43.2 | 71.3 | 75.9 


porary. Broken cover permitted the entrance of sand 
dropseed in 1935; it decreased to a trace as the short 
grasses covered more and more of the soil. These 
results illustrate the widely recognized fact that mod- 
erate grazing is no great handicap to normal develop- 
ment of the short Indeed, under normal 
precipitation moderate grazing results in a more uni- 
form cover than that developed under total protection 
(Savage 1939). 


grasses. 


RECOVERY IN OVERGRAZED BUCHLOE-BOUTELOUA 
TYPE 

Studies of an overgrazed short-grass type were 
pursued coneurrently with those of one moderately 
grazed. The average basal cover in the early years 
of drought (1935) was 22.1 per cent. Blue grama 
constituted 9 per cent and buffalo grass 12 (Albert- 
son & Weaver 1942). Cover decreased after quad- 
ratting in 1939 from 19.4 to 13.6 per cent. Increase 
thereafter was rapid, to 59 per cent in 1941, and to 
93 the next year. This basal area was maintained 
in 1943 (Table 12). 


TABLE 12. Change in percentage of basal cover in 7 
meter quadrats in an overgrazed Buchloe-Bouteloua type 
at Hays, Kansas. 





Species 1939 | 1940 | 1941 | 1942 | 1943 


.| 10.0 | 7.3 


17.7 


Bouteloua gracilis... . tum | took 

Buchloe dactyloides. .. . 8.3 6.1 | 40.9 | 85.9 | 78.2 

Bouteloua curtipendula. . 4 

Triodia pilosa......... 4 ue 

Sporobolus cryptandrus. . so By id 1 2 5 
io 19.4 | 13.6 | 58.7 | 93.3 | 93.8 


The astounding increase of buffalo grass from 6.1 
per cent cover in 1940 to 85.9 two years later was 
not unusual. This occurred somewhat at the expense 
of blue grama which merely doubled its basal area 
during the three years. Although sand dropseed was 
present it was inconsequential. This species if pre- 
viously firmly established occurred in a newly devel- 
oped cover, but it has never been found to invade 
one that was well established. 

A continuous record of the degeneration of the 
Buchloe-Bouteloua type where it was ungrazed, mod- 
erately grazed, and overgrazed has been obtained 
This, with the data on recovery, is shown 
During drought 


sinee 1932. 
by means of graphs in Figure 80. 
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1932 1934 1935 1936 1937 1938 1939 1940 194! 1942 86 1943 


1940 = 194 1942 1943 


1932 «(1934 1935 1936 1937 1936 1939 





Decrease in percentage of basal cover in the 
short-grass type during drought and increase during 
recovery after drought: ungrazed (heavy line), moder- 
ately grazed (light line), and overgrazed (broken line). 


Fie. 80. 


the average basal cover on the area ungrazed since 
1932 was better than that of the moderately grazed 
one, except in 1939. The cover in the overgrazed 
area was correspondingly lower than that of the 
moderately grazed one. Thus, the degeneration of the 
range showed a direct relation to the degree of graz- 
ing. Studies made in the spring of 1940 showed that 
losses in autumn and winter on the ungrazed area 
far exceeded those of ranges that were moderately 
grazed or overgrazed. This was due to the fact that 
in the ungrazed pasture the cover was considerably 
taller and thicker than elsewhere. It used the avail- 
able water more rapidly than vegetation moderately 
or closely grazed and this resulted in greater loss by 
death during this very dry time. The same phenom- 
enon occurred again in 1943. The lag in recovery 
of the moderately grazed pasture after 1940 was 
caused by a dense stand of little barley which greatly 
retarded the development of the short grasses. In 
examining these graphs it should be kept in mind 
that the area above the individual graph indicates 
bare soil or bare soil more or less covered with annual 
weeds. It is of interest that the high losses in cover 
sustained during the 8 years of drought were restored 
in a period of 3 good years, largely because of the 
wonderful recuperative powers of buffalo grass. 


RECOVERY IN THE ANDROPOGON ScoPARIUS TYPE 

Quadrats in the little bluestem type were estab- 
lished in 1932 when stock was excluded from several 
representative areas. The vegetation had been mod- 
erately grazed for many years. The quadrats were 
charted in the fall of 1932 and each subsequent year. 
Two types, one of a closed and one of an open cover 
of vegetation, were studied. In the closed type, 
which clothed the moderately deep soil overlying the 
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limestone, the basal cover was about 60 per cent and 
entirely of little and big bluestem. The most common 
vegetation on the brows of the hills, where the under- 
lying rock is at or near the surface, was of the open- 
bunch type with a basal cover of about 25 per cent. 
In the closed type the dense foliage so completely 
shaded the interspaces that few other species occurred 
until the cover was opened by drought. Some in- 
crease in the cover beyond 60 per cent was found 
where grazing had been heavy enough to prevent 
accumulation of excessive debris but not so intense 
as to damage the bluestems. Less than 60 per cent 
cover was frequently found due to excessive debris 
which had accumulated during previous years. Con- 
versely, in the open type there were usually scattered 
tufts of little bluestem, hairy grama (Bouteloua hir- 
suta), and hairy dropseed (Sporobolus pilosus), with 
a considerable sprinkling of dwarfed forbs in the 
well-lighted open spaces between the bunches. Re- 
covery in the closed type is shown in Table 13. 
TABLE 13. Change in percentage of basal cover in 15 


meter quadrats in an ungrazed, closed type of Andro- 
pogon scoparius at Hays, Kansas. 

















| 

Species | 1939 | 1940 | 1941 | 1942 | 1943 

Andropogon scoparius. . i's ioe a Pe eye 
Andropogon furcatus....| 2.2 5 2 91 3: 
Bouteloua curtipendula . | 17.6 | 6.6 | 10.4 | 25.9 | 26.8 
Bouteloua gracilis... ... 8.8] 6.9 | 6:4] 12.7 | 8.6 
Bouteloua hirsuta.......| «3 De om 2 
Sporobolus pilosus..... . Es a 1 - =| a. 
Buchloe dactyloides.... . i. ee 7 1.4| 4.4] 8.0 

Schedonnardus 
paniculatus.......... | +++ Pt) 
Agropyron smithii..... . | -+-- ee A 
PS ec sa sid 30.2 | 14.8 | 18.5 | 44.1 | 47.4 
| 














In 1939 the basal cover was only half as great as 
before the drought. It contained the last remnants 
of little bluestem. It was again reduced one-half by 
1940. Great recovery occurred in 1942 and slightly 
more the following year. The recovery was not due 
to spreading of the original codominant, big bluestem, 
but in the main to an increase of side-oats grama 
from 6.6 to 26.8 per cent. This species thrived even 
in rather dry soil when competition was decreased. 
Bouteloua gracilis had invaded the quadrats in 1934 
and increased to 8.8 per cent in 1939, an abundance 
exceeded only in 1942. But Buchloe dactyloides, 
which apeared in 1938 (.1 per cent), increased stead- 
ily in 1942-43. The appearance of Schedonnardus 
and Agropyron in 1943 is of interest. But the com- 
plete change from posteclimax bluestem vegetation to 
mixed prairie with the two grama grasses and buffalo 
grass as dominants is of profound significance. 

Recovery in the ungrazed open _— of little blue- 
stem is shown in Table 14. 

Andropogon scoparius decreased more slowly here 
during drought than in the closed type. It retained 
5.6 per cent cover in 1939 and even the remnants 
left in 1940 increased sixfold, largely a recovery of 
dormant crowns. Due to the sparseness of vegetation 
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TABLE 14. Changes in percentage of basal cover in 4 
meter quadrats in ungrazed open type of Andropogon 
scoparius at Hays, Kansas. 














] | | 
| 
Species | 1939 | 1940 | 1941 1942 | 1943 
| | | | S aoe 
2h ee Reo nS Ce aes ee ee =f 
Andropogon scoparius...| 5.6 4 | 8 | 2.2] 2.4 
Bouteloua curtipendula. . | 11.1 | 8.8 | 19.3 | 25.3 | 22.3 
Bouteloua hirsuta... ... aed: VS aE | ee Se 
Andropogon furcatus....| .... | 1] ....]..-. 
Sporobolus pilosus..... | 2| 6) .3| 1.0 4 
|———_ | —_—__|__ ‘ce _— — 
Total........+.-) 18-1 10.7 | 21.5 | 34.0 28.7 
| 








and the mulch of partially disintegrated fragments 
of limestone, it seems probable that depletion of soil 
moisture through transpiration and evaporation from 
the soil surface occurred more slowly than from the 
more densely populated deeper soil of the closed little 
bluestem type. Side-oats grama entered the area in 
1934 and, although somewhat depleted in 1940, 
formed most of the cover in 1943. Neither big blue- 
stem (except a trace), blue grama, nor buffalo grass 
occurred. Bouteloua hirsuta, present throughout the 
11 years, exceeded. little bluestem in amount. Thus, 
while the cover was more extensive after than before 
the drought, the change was from the postclimax to 
a xeric mixed prairie type. 

A continuous record of the degeneration of the 
ungrazed and overgrazed Andropogon scoparius type 
together with its recovery is shown by graphs in 
Figure 81. Data are from a different lot of quadrats 
than those given in Table 14. The complete ungrazed 
cover in 1932 was 60 per cent. The first low points 
were reached in 1936 when only about 16 and 9 per 
cent cover remained in the two types respectively. The 
year 1939 was the driest of all, and the basal cover 
produced the previous year was sustained largely by 
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Fig. 81. Graphs showing the percentage of basal 
cover during the several years of drought and recovery 
in the Andropogon scoparius type. Ungrazed shown by 
heavy line and overgrazed by broken line. 
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the reserve of soil water received in 1938. Little 
bluestem, which furnished the major portion of vege- 
tation at the beginning of the drought, rapidly de- 
creased to practically nil in 1939. Hence, the story 
of recovery is almost entirely that of change in 
amount of side-oats grama and blue grama, which in 
1939 furnished the bulk of the basal cover in un- 
grazed pasture. These grasses with buffalo grass 
furnished 24 of the 29 per cent cover in the over- 


grazed pasture, where little bluestem was almost 
extinct. The more rapid recovery of the overgrazed 


than the ungrazed pasture was due to a larger per- 
centage of short grasses, especially buffalo grass, in 
the overgrazed range. 

In examining the graphs, it should be understood 
that the area above each graph indicates bare soil or 
at least soil without a cover of perennial grasses. 
The normal basal area in this type was only about 
60 per cent, hence by 1943 a cover only about 15 per 
cent below normal was reestablished, but one in which 
little bluestem composed a relatively small part. 


RECOVERY IN LittLE BLUESTEM-SHORT GRASS 
MIXTURE 

The predrought transition from short grasses on 
the level hilltops with deep soil to little bluestem in 
the shallower soils overlying the limestone was very 
abrupt in many places. In fact a part of each type 
could be included in a single square meter. But more 
usually the little bluestem was scattered widely in 
bunches among the short grasses. In the autumn of 
1932, the average basal cover in quadrats located 
where there was a relatively large amount of little 
bluestem was 65 per cent. The percentage of little 
bluestem was 40, but this grass disappeared by 1938. 
Short grasses originally composed 21 per cent of the 
cover and big bluestem the remainder (4.5 per cent). 
The low ebb of the grass population in 1939-40 and 
recovery thereafter is shown in Table 15. 


TABLE 15. Change in percentage of basal cover in 10 
meter quadrats in an ungrazed area in the ecotone be- 
tween short grass and little bluestem at Hays, Kansas. 





























Species | 1939 | 1940 | 1941 | 1942 | 1943 
Bouteloua gracilis......| 35.7 | 18.8 | 31.1 | 59.4 | 55.6 
Buchloe dactyloides.... . 12.2 8.1 | 13.6 | 12.4 | 19.5 
Andropogon furcatus.... 2 Pare tree an we tn) 
Bouteloua curtipendula..| 3.2 “2 5 bid 1.6 

gif: ea PS 1 yy | | 45.2 | 73.5 | 76.7 











The great increase of blue grama from about 19 
to nearly 56 per cent after 1940 is the outstanding 
change. The relict stand produced much seed and 
in this partly open cover seedlings grew in abun- 
dance. Buchloe dactyloides increased steadily but 
more slowly. Bouteloua curtipendula was poorly rep- 
resented. The original cover of 1940 had increased 
nearly threefold, and in late drought consisted almost 
entirely of short grasses. The loss of bluestems was 
general in this ecotone; they are now slowly returning. 








PERCENTAGE CHANGE IN COMPOSITION OF 
Basa Cover 


In the preceding tables the actual amounts of basal 
cover before and during recovery in the several com- 
munities have been considered. The part played by 
each species (its loss or gain) from year to year is 
now presented as a percentage increment of the total 
cover (100 per cent) whether the actual basal area 
was large or small. In this way the part of the 
perennial cover that each species composed may be 
compared more directly. Thus, if a quadrat had only 
two species, blue grama with a basal cover of 10 per 
cent and buffalo grass with 10, then each species 
composed 50 per cent of the cover. Data from the 
several groups of quadrats are shown in Table 16. 


In the short-grass type, buffalo grass and blue 
grama were about equally important in 1932, and to- 
gether constituted 96 per cent of the vegetation. This 
nearly equal mixture probably occurred over much 
of the mixed prairie. The amount of short grass, 
however, varied in rather direct proportion to the 
degree of overgrazing, which was the fundamental 
cause of the great depletion of mid grasses (Clements 
1936, Clements & Chaney 1937). The more or less 
equal amounts of short grasses had been very gen- 
eral. This condition maintained at Hays, Kansas, in 
range land that had been fenced and only moderately 
grazed since 1900 (Albertson 1937). After 8 years 
of drought the more stable blue grama (in 1940) 
composed 59 per cent of the cover and the less xeric 
buffalo grass 35. But the stoloniferous species re- 
covered so rapidly that at the end of 1943 it composed 
two-thirds of the vegetation. Other species are of 
interest but of minor importance. Aristida disap- 
peared during drought but returned in 1943. Syporo- 
bolus cryptandrus appeared during drought, occurred 
sparingly in 1940, and disappeared from the sod of 


TABLE 16. 
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buffalo grass. Both of these phenomena will be 
shown to be general throughout the region. 

Behavior of the short grasses in the ecotone, where 
conditions of life were severe, shows that from an 
equal mixture of the species, blue grama increased 
its percentage while buffalo grass greatly decreased. 
Thus, in 1940 there was more than twice as much 
blue grama. Although there was a seattered stand 
of buffalo grass in 1941 (8 per cent basal cover), it 
decreased in this relatively shallow soil with high 
runoff until finally blue grama alone furnished 72 
per cent of the vegetation. An original 5 per cent 
increment of side-oats grama never was restored; in- 
stead this grass decreased. None of the other 5 spe- 
cies found before the drought reappeared after its 
close. 

Little bluestem alone composed 45 per cent of the 
basal cover in its type before the drought. This was 
reduced to 1 per cent in 1940 and never thereafter 
exceeded 4.1 per cent. Big bluestem was likewise 
reduced from a predrought stand of 17 per cent to a 
low of 0.4. Its cover in 1943 was very small, 3.5 per 
cent. In this habitat with taller grasses, blue grama 
increased from a predrought stand of 8 per cent to 
31 in 1940, a poor period for the growth of any but 
the most xerie species. But with increase of taller 
grasses, especially side-oats grama, its stand was re- 
duced to about one-third. Buffalo grass also suffered 
reverses after 1940 but tripled its 1941 area which 
was 3.2 per cent. Side-oats grama with a predrought 
stand of 17 per cent composed 42 per cent of the 
entire cover in 1940. This xerie mid grass spread 
rapidly and, although decreasing a little from its 
maximum amount (78.6 per cent in 1941), formed 
two-thirds of the cover in 1943. Other species were 
of relatively little importance, but it is of interest 
that with an inereasing cover after 1940, sand drop- 
seed lost all of its 7 per cent of the basal area. 


Percentage composition of the various perennial grasses composing the basal cover in communities 


of mixed prairie before the drought (1932), at its close (1940), and during the years of recovery. 
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The dense sod of big bluestem, although mostly 
dormant during the drought, easily regained its place 
as dominant with the return of more or less normal 
rainfall and run-in water. Thus, although the per- 
centage composition (76 per cent) was reduced to 
15 in 1940, it was again 70 per cent after three years 
of recovery. Western wheat grass, which had in- 
creased fivefold during the dry years, was again 
reduced to about its normal predrought proportion 
(5 per cent) of the cover. Sporobolus asper hookeri 
seemed to be losing its gains made during drought; 
Sorghastrum nutans had reappeared, and Elymus 
virginicus and Panicum virgatum maintained their 
small percentages of cover. Both species of grama 
increased to three or four times their predrought 
abundance. But like buffalo grass, which really at- 
tained a good hold (20 per cent) in 1940, their per- 
centages of cover decreased rapidly in this tall-grass 
type when conditions for growth of the dominants 
again became favorable. 


Summarizing Table 16, it may be seen that the new 
postdrought cover in both the short-grass type and 
ecotone was nearly all buffalo grass and blue grama. 
There was a 2 to 1 dominance of buffalo grass in 
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grama to buffalo grass of about 3 to 1 in the shallower 
soils of the ecotone. Little bluestem in its type not 
only yielded its dominance to side-oats grama and 
the short grasses but also suffered almost total ex- 
tinction. Big bluestem in its type soon regained 
dominance which had been assumed by wheat grass, 
side-oats grama, sporobolus, and short grasses during 
drought. Nor were its rhizome-producing tall-grass 
associates destroyed. 


Stupies In West CENTRAL KANSAS 

Studies of the effects of the drought on the vege- 
tation were expanded in 1937 by placing meter quad- 
rats in representative areas at 15 different stations 
in west central Kansas (Fig. 1). Each quadrat was 
recharted annually thereafter, and studies were made 
of the general conditions of the surrounding vegeta- 
tion. The results are grouped according to the con- 
ditions to which the area had been subjected previous 
to 1937 (ef. Albertson & Weaver 1942). The amount 
of subsequent dusting varied somewhat, but the classi- 
fication is reasonably accurate. Condition 1 indicates 
light dusting and moderate grazing; 2, light dusting 
and overgrazing; 3, heavy dusting and moderate 
grazing; and 4, heavy dusting and overgrazing (Table 



































the general short-grass type and a ratio of blue 17). 
TABLE 17. Deviation from mean annual precipitation, condition, per cent of basal cover of blue grama and 
buffalo grass, and total basal cover in representative pastures near each station. 
| | | | 
| | » | | ss | n = RD 
— {se ei ei es) | ei818)§ 2 |}8|¢/| ® 
Yor TE |e e)/aig 2/8) %)/ 3/4] 81/8) 5/41 
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= | oO | oa | e | a }O | & | e a o mo | & 
| . oa 
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() Vee + 8.9 | 1 | 22.0 | 42.7 | 64.7 ||+15.8 | 2 | 17.4] 3.1 | 20.5 |i+ 7.3] 3 27 121-33 
ee i+ 2.6} 1 | 16.9 | 80.5 | 97.4 ||+ 2.6] 2 | 25.6| 9.4} 35.0 ||+ 4.2] 3 2.2 | 33.7 | 35.9 
BOS rh cho ste-cts I+ 1.4] 1 11.5 | 87.2 | 98.7 ||I— 3.8 | 2 | 29.0 | 14.3 | 43.3 |i— 6.0 | 3 3.0 | 47.4 | 51.4 
i} Quinter 
Oakley i| (Av. 3 quadrats) i ; Syracuse 
ye re me ee | 1.2| 1.3] 2.5 i— 0.7} 3 | 3.5] 1.6; 5.1 |i/-— 4.1] 3 | 0.0] 0.0| 0.0 
ewan +15.8 | 1 6.1 | 13.4 | 19.5 ||+ 8.9 | 3 | 12.9 | 10.0 | 22.9 i+ 8.6] 3 0.0; 0.1] 0.1 
a + 2.6] 1 13.0 | 76.4 | 89.4 |i+ 2.6 | 3 | 15.3 | 36.4 | 51.7 |/+ 2.0} 3 0.0;°0.5| 0.5 
1943........,- 3.8| 1 | 14.8 | 82.3 | 97.1 |l+ 1.4] 3 | 24.7 | 38.0 | 62.7 |I— 8.5] 3 0.0} 1.2 LZ 
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1These quadrats had a fairly large cover of Sporobolus cryptandrus not shown in this table. 


*Condition at time quadrats were laid out in 1937: 1, lightly dusted, moderately grazed; 


moderately grazed; 4, heavily dusted, overgrazed. 


2, lightly dusted, overgrazed; 3, heavily dusted, 
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The basal cover in 1940 varied from 0.4 to 5.2 per 
cent under condition 1, and averaged only 2.7 per 
cent. With one exception, the cover varied from 19.5 
to 64.7 per cent the next year and averaged 36.9 per 
cent. At Seott City a sixfold gain of buffalo grass 
resulted in only 2.4 per cent cover. This increased 
so slowly, despite precipitation above normal, that in 
1943 it was only 9 per cent. But great gains occurred 
at all the other stations. Thus, in 1942, with precip- 
itation above normal, the cover ranged between 89 
and 97 per cent. A further increase at all three sta- 
tions to 97-99 per cent occurred in 1943. This rapid 
recovery of the ranges was due largely to buffalo 
grass. The ratio of blue grama to buffalo grass after 
drought was about 2 to 3. But in 1943 it was 1 to 8.4. 

Under light dusting and overgrazing (condition 2), 
an average of 9.9 per cent cover occurred in 1940. It 
increased to 30.1 under precipitation far above nor- 
mal. At Oakley, where blue grama was most abun- 
dant, the cover in 1943 was 43.3 per cent, but at 
Quinter buffalo grass occurred in greater amounts 
during the second year, and the final cover was 93.9 
per cent. 

Where the area was heavily dusted and moderately 
grazed (condition 3), the average percentage of basal 
cover was 5.5 in 1940. One station (Syracuse) is 
omitted since there was no cover in 1940, only a trace 
in 1941-42, and but 1.2 per cent in 1943, despite good 
rainfall. Cover at the other stations varied greatly 
in 1941 (2.5 to 65.1) but was nearly always fair. It 
averaged 30.1 per cent. With this fine start, recovery 
was rapid with continued precipitation of 2.6 to 7 
inches above normal. Thus, the average in 1942 was 
57.7 per cent. This increased the next year to 74.3. 
The lowest cover in 1943 (51.4) oceurred at Deer- 
field, the highest (96.4) at Ness City where blue 
grama furnished only 20.8 per cent. There was no 
blue grama at Oakley, and buffalo grass greatly ex- 
ceeded blue grama at all the remaining stations. 

Vegetation under condition 4, where the grass was 
heavily dusted and overgrazed, not only suffered 
greatest from the drought but also recovered least 
rapidly. There was no cover at two stations in 1940 
and only 5.4 per cent at Tribune. Despite unusually 
high precipitation at Syracuse in 1941-42, the soil 
was still free of short grasses in 1943. At Tribune 
where blue grama only was present it increased grad- 
ually from 5.4 to 20.8 per cent cover. But at Hol- 
comb both short grasses entered the area in 1941 and 
increased year by year, buffalo grass much faster 
than blue grama, until a cover of 57.5 per cent was 
attained in 1943. 

Summarizing, the average initial cover (1940) 
under the four conditions was 2.7, 9.9, 5.5, and 1.8 
per cent, respectively, and the final cover 75.5, 68.6, 
62.1, and 26.1 per cent. Thus, recovery was most 
rapid in lightly dusted and moderately grazed ranges 
and slowest of all where overgrazing had been prac- 
ticed and dusting was heavy. 

THE SUBSERE 

Recovery from drought over the vast area of range 

land was not a simple or single phenomenon. It was 
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quite different on the level or moderately undulating 
uplands, where the short-grass type prevailed, from 
that on more restricted rolling and rougher areas 
where postclimax bluestems and other grasses domi- 
nated. Although these were given considerable at- 
tention, the most extensive study of the subsere was 
made in the short-grass type, and this section is con- 
cerned with it alone. 


CONDITIONS FOR SUCCESSION 


There were great differences in the degree of den- 
udation by drought in the different areas. In some 
places not only was the vegetation entirely destroyed 
but the rich topsoil in which it was rooted was swept 
away. Here succession on the hard soil was indeed 
slow. Where the vegetation was well intact but 
destroyed by a deep covering of dust, the early weed 
stages also prevailed for a long time. These were 
the usual conditions in much of the dust bow! but 
they also oceurred in widely scattered places else- 
where. Sometimes drifts of dust were still covered 
with weeds in 1943, where the dust had been deposited 
in a single year. Small drifts which were originally 
only an inch or two in height often became clothed 
with grass. But with the gradual accumulation of 
more soil they were built into heaps and ridges 8 to 
12 inches high. They have gradually become wider 
and longer and are now often 3 to 8 feet in width. 
Sometimes portions of a single pasture exhibited 
both of these extremes, while the remainder, which 
was only partially depleted of its vegetation, had 
regained a good cover. 

The general trends of destruction may be summar- 
ized for the whole area. In those where drought was 
severe, species with the poorest root systems or high- 
est water requirements vanished first. Some of the 
more drought resistant usually remained in patches 
or as scattered bunches or individuals, but all de- 
creased rapidly in density, size, and seed production. 
Recovery was slow where only widely scattered rem- 
nants remained. It was usually much more rapid 
where one-third or more of the cover was left intact 
(Figs. 82 and 83). Moreover, not only previous 
treatment of the range as regards grazing but also 
the conditions during the 8 years of drought greatly 
influenced the rate of final recovery after 1941 (Fig. 
84). Chief among these were amount and distribu- 
tion of precipitation, time and intensity of grazing, 
and further dusting (Fig. 85). Even when good 
years came, a period of time seemed necessary on 
some dusted ranges for the grasses to recover from 
deep dormancy (Albertson & Weaver 1944). Before 
succession had proceeded far in the southwestern 
area, midsummer drought occurred again in 1943. In 
some ranges all green plants dried in August and 
grasshoppers fed on the tender sweet portions of the 
almost dormant stolons of buffalo grass. Thus, this 
area still exhibits the earlier and medial stages lead- 
ing back to a complete cover of perennial grasses. 
Later stages, and usually a short-grass disclimax 
stage, have been reached over the northern and east- 
ern portion of this mixed prairie area. 
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Fig. 82. Range south of Sheridan Lake, Colo., in 
August, 1943. There are a few old plants of blue grama 
(center) and some seedlings in the foreground. The 
dense weeds in the background are Leptilon canadense. 


Fic. 84. Range kept in early weed stage by overgraz- 
ing, 1943. This is the flat top of a large loess hill 14 
miles southeast of Broken Bow, Neb. Grazed horseweed 
occurs in the center, buffalo bur in blossom, with pros- 
trate spurges near it and also in the background, and 
western ragweed on the right. No perennial grasses 
grew in the area shown in the picture. 





83. 


near Ogallah, 
Kan., showing an excellent cover of short grasses where 


Fig. General view of large range 


practically all weeds have disappeared. August, 1943. 





Where a moderate amount of precipitation was 
well distributed (1940-43) growth was more or less 
continuous throughout the season and the subsere was 


Fig. 85. 
(16 inches tall) paces wide, in dust-covered 


Alterne of horseweed and lamb’s quarters 


about 25 


near Neb. The short 





shortened. For example, at Hays, Kansas, where 
destruction of the ranges was only partial, precipita- 
tion was high for mixed prairie from 1940 to 1942, 
inclusive. Because of the severe drought of 1939, 
vegetation was at its lowest ebb in the spring of 
1940. The cover was greatly reduced everywhere and 
large areas had only seattered perennial grasses, and 
many others were practically bare. But by fall the 
cover had increased to 2-20 per cent. By the autumn 
of 1941 the basal area varied usually between 40 and 
60 per cent, and by the end of 1942 there was 70 to 
90 per cent cover. Thus, in a period of three vears 
the earlier stages in the subsere had been replaced 
by the short grasses. It should be recalled, however, 


that the earlier weed stages had persisted since the 
death of most of the perennial vegetation in 1933-34, 
that is for a period of 8 years. 

Under 


less favorable normal climatic conditions 





short-grass pasture Ravenna, 
grasses were all killed by the dust and drought, but a 
new sod has been developed from relicts outside the 
alterne which were less deeply covered with dust. 


southward and westward the drought had been much 
more severe and vast areas were so denuded by desic- 
sation and erosion or deposit of soil that they were 
either almost or entirely bare. When rains came in 
1940 to the eastern margin of the dust bowl, as they 
did at Hays, the long dry period continued westward, 
although with less severity. Hence these terribly de- 
nuded ranges remained in some early stage of sue- 
cession (depending upon loeal conditions) even to the 
end of 1943. For here not only had an environment 
mostly unfavorable for growth been maintained but 
also perennial grasses were absent or so sparse that 
they produced almost no seed and spread but little 
by vegetative propagation. Throughout this territory 
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buffalo grass had been rather widely exterminated 
and its return was nearly always by seed and not by 
extension of stolons, an extremely rapid method of 
propagation. 

A rather general cause of the delay in reestablish- 
ment of perennial grasses not only during the most 
favorable years of drought but even during the first 
year of good rainfall was a dearth of seed. In 1941 
samples of soil were collected at random from 40 
different ranges in mixed prairie, nearly all in west- 
ern Kansas and eastern Colorado (Weaver & Mueller 
1942). Three to five samples 0.5 inch deep and one 
square foot in area were taken at random from each 
range in very early spring. All viable seed in these 
soils was germinated under very favorable conditions 
More than 11,000 seedlings emerged 
from the 151 samples of soil. Of these about 6,000 
were grasses, including many weedy annuals. Ap- 
proximately 75 per cent of the grass seedlings were 
blue grama, buffalo grass, and sand dropseed. Blue 
grama was represented in 52 per cent of the samples 
and occurred at an average rate of 3.7 seedlings per 
square foot. Buffalo grass was found in only 12 per 
cent and at the low rate of 0.5 per square foot. 
There was no side-oats grama or little bluestem, and 
few other grasses except sand dropseed. It was 
found in 63 per cent of the samples and at the aver- 
age rate of 26 seedlings per square foot. 

In field studies in 14 of the more northerly of these 
mixed prairie stations, 25 square-foot samples were 
examined minutely in June of this very favorable 
year for germination and seedling growth. Average 
distribution of perennial grass seedlings in these 
ranges was only 2.4 per square foot. Repeated 
search for seedling grasses in the more northerly of 
the western Kansas stations in June and early July 
revealed only a few at certain stations. Elsewhere 
they’ were rare to none, since many of the ranges had 
been almost depopulated, and continued drought had 
prevented even the relicts from producing viable 
seed. 


in a greenhouse. 





Reproduction in bare open spaces between 
The seedlings are one- and two- 
year-old tumblegrass (Schedonnardus), wire grass (Aris- 
tida), and blue grama (Bouteloua). 


Fig. 86. 
bunches of blue grama. 
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Over most of the mixed prairie there had been 
enough rainfall to moisten the soil continuously for 
several days, a condition necessary for seed germina- 
tion. But, with rare exceptions, the seedlings died 
from lack of a sufficient water supply. Hence recov- 
ery by seedlings awaited a second year of good rain- 
fall (1942) for the newly produced seed crop to 
germinate. Then both germination of seed and suce- 
cessful establishment of seedlings occurred in very 
great numbers (Fig. 86). But meanwhile buffalo 
grass had been making great gains by stolons. 


STAGES OF SUCCESSION 
The stages of succession and the chief species com- 
posing each are as follows: 


I. Succession in Badly or Completely Denuded Ranges 
First Weed Stage 

Helianthus annuus 
(common sunflower) 

Monolepis nuttalliana 
(monolepis) 

Portulaca oleracea 
(purslane) 

Chamaesyce spp. 
(spurges) 

Solanum rostratum 
(buffalo bur) 

Leptilon canadense 
(horseweed ) 


Salsola pestifer 
(Russian thistle) 
Chenopodium album 
(lamb’s quarters) 
Chenopodium leptophyllum 
(narrow-leaved goosefoot) 
Amaranthus retroflexus 
(rough pigweed) 
Amaranthus graecizans 
(tumbleweed ) 
Amaranthus blitoides 
(prostrate amaranth) 


Second Weed Stage 

Plantago purshii 
(Pursh’s plantain) 

Plantago spinulosa 
(spinulose plantain) 

Lappula occidentalis 
(stickseed ) 

Lappula heterosperma 
(stickseed ) 

Cryptantha crassisepala 
(cryptantha ) 


Hordeum pusillum 
(little barley) 
Panicum capillare 
(witchgrass ) 
Eragrostis cilianensis 
(stinkgrass ) 
Festuca octoflora hirtella 
(six-weeks fescue) 
Bromus spp. 
(brome) 
Lepidium densifiorum 
(peppergrass ) 
Early Native Grass Stage 
Munroa squarrosa 
(false buffalo grass) 
Chloris verticillata 
(windmill grass) 


Sporobolus: cryptandrus 
(sand dropseed ) 
Agropyron smithii 
(western wheat grass) 
Schedonnardus paniculatus 
(tumblegrass ) 
Late Grass Stage 
Aristida longiseta 
(wiregrass ) 
Bouteloua curtipendula 
(side-oats grama) 
Sitanion hystrix 
(squirreltail ) 


Bouteloua gracilis 
(blue grama) 

Buchloe dactyloides 
(buffalo grass) 

Aristida purpurea 
(wiregrass ) 


II. Succession in Ranges Reduced to One-Fourth or More of 
Normal Cover but with Sufficient Perennial Grasses 
to Regenerate Quickly 


Weed Stage 
Lappula occidentalis 
(stickseed ) 
Lappula heterosperma 
(stickseed ) 
Cryptantha crassisepala 


Hordeum pusillum 
(little barley) 
Festuca octoflora hirtella 
(six-weeks fescue) 
Bromus spp. 


(brome ) (cryptantha) 
Lepidium densiflorum Diaperia prolifera 
(peppergrass ) (diaperia ) 


Leptilon canadense 
(horseweed ) 

Salsola pestifer 
(Russian thistle) 


Plantago purshii 
(Pursh’s plantain) 

Plantago spinulosa 
(spinulose plantain) 


Early Native Grass Stage 

Aristida longiseta 
(wiregrass ) 

Sitanion hystrix 
(squirreltail ) 

Munroa squarrosa 
(false buffalo grass) 


Sporobolus cryptandrus 
(sand dropseed ) 
Agropyron smithii 
(western wheat grass) 
Schedonnardus paniculatus 
(tumblegrass ) 
Aristida purpurea 
(wiregrass ) 
Late Grass Stage 
(Same as in preceding subsere) 
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EXAMPLES OF SERAL STAGES 

The stages in succession were not represented uni- 
formly over any considerable territory nor were all 
parts of any one large range usually in the same 
stage of development during a particular year, un- 
less denudation had been general and complete. 
Usually there was a patchwork of patterns repre- 
senting different stages in recovery toward the eli- 
max. The concept of the presence of the various 
stages and of their overlapping in time and space 
may best be gained from a presentation of various 
actual examples (ef. Shantz 1917, Savage & Runyon 
1937, Judd & Jackson 1939, and Tolstead 1941). 


Early Weed Stage 

A large range near Lakin, Kansas, had been heavily 
dusted in 1935 and at various periods thereafter. 
The native vegetation had been completely destroyed 
during the drought years. In the fall of 1942 only 
oeeasional bunches of buffalo grass and blue grama 
were found, but in no instance had they made much 
growth in recent years. Weeds were plentiful, espe- 
cially annual sunflower, which was so abundant that 
one walked through the pasture with great difficulty 
in searching for the permanent quadrats located there. 

In a large pasture one mile north of Syracuse, 
Kansas, the soil was practically bare in the spring 
of 1940. In the fall of 1940 there was no short 
grass but myriads of seedlings of sand dropseed. 
Two years later bunches of sand dropseed 2 to 4 
inches in diameter but 4 to 24 inches apart formed 
a cover over much of the pasture and seattered plants 
of buffalo grass 3 to 8 feet apart occurred as an 
understory. The total perennial cover did not exceed 
5 per cent. Russian thistle, horseweed, sunflower, 
and rough pigweed were very abundant. Common 
weeds of smaller stature were eryptantha, purslane, 
plantain, witehgrass, and spurge. 

On a 360-acre range 14 miles southeast of Broken 
Bow, Nebraska, long and severe grazing by both cattle 
and horses had prevented recovery of the vegetation 
from drought. In August, 1943, the vegetation was 
thinned to widely spaced relict mats of buffalo grass 
and blue grama which covered about 5 per cent of 
the soil but were grazed to within one-fourth ineh of 
the ground. Even under a thick stand of western 
ragweed, which is uneaten and usually furnished 
adequate protection for short grasses, they were 
grazed closely. Mere traces of other pasture grasses 
and forbs remained. The weedy grasses, mostly an- 
nuals, occurred widely—little barley, witchgrass, false 
buffalo grass, and tumblegrass. Other weeds were 
abundant; most of them were closely grazed. Chief 
among these were spinulose plantain, annual sun- 
flower, western ragweed, buffalo bur, seedling cactus, 
horseweed, and various prostrate spurges (Fig. 84). 
This was largely a man-made subsere. It resulted 
from overgrazing during and after the drought. Left 
unhindered, damage to the cover would have been 
repaired as it had been in nearly all of the adjacent 
ranges. 

The processes of recovery on bared slopes and 
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ridges were proceeding actively in many places in a 
range on rolling upland near Ravenna, Nebraska. 
Postdrought seedlings of blue grama, one to three 
years old, were abundant and had usually developed 
into bunches, mostly 1 to 3 inches in diameter. Small 
mats of buffalo grass, somewhat recently grown from 
seed, were plentiful and larger ones from drought 
survivors were 10 to 14 inehes in diameter. Stolons 
had been extended widely. They threaded between 
the large surviving and often elevated bunches of 
blue grama, as well as its younger offspring. This 
presaged a dense sod. Alternating with these short- 
grass strongholds the early stage of the subsere was 
well represented by Russian thistle, stinkgrass, lamh’s 
quarters, buffalo bur, horseweed, and other annuals. 
But these were absent where a good sod had been 
formed. 

Near Greeley, Nebraska, an entire valley one- 
eighth mile long was oceupied by prairie dogs. The 
general area of occupation was marked, in August, 
1943, by a good growth of tumblegrass (Fig. 87). 





Fig. 87. 
a pasture infested with prairie dogs. 


Tumblegrass (Schedonnardus paniculatus) in 
Beyond the range 
of their grazing the vegetation is mostly blue grama or 


side-oats grama. Greeley, Neb., August, 1943. 

The dried panicles occurred in great quantities, but 
when removed they revealed a thin stand of this 
grass on otherwise nearly bare ground (Fig. 88). 
All of the original perennial grasses—big and little 
bluestem, side-oats grama, blue grama, and buffalo 
grass—had been grazed so closely and so frequently 
that they had died. Around the mounds was an early 
subsere of mat-forming Chamaesyce, Amaranthus 
blitoides, Verbena bracteosa, Salsola pestifer, Boebera 
papposa, Aristida oligantha, and Leptilon divari- 
catum. The prairie dogs grazed Schedonnardus, 
Aristida, and most of the weeds as well as the original 
cover of blue grama and other perennial grasses. 
These perennials at first oceurred sparingly and in 
isolated bunches on the adjoining slopes, but soon the 
vegetation beyond the area grazed by prairie dogs 
thickened until an excellent stand with basal cover 
of 40 to 80 per cent occurred. Here livestock were 
grazing the vegetation moderately. 











Fig. 88. Detail of a bunch of tumblegrass with pan- 
icles of moderate size (left), and another bunch, 5 
inches tall, with panicles removed. 


A 360-acre range 20 miles north of Limon, Colo- 
rado, was first examined in August, 1939. It had 
been heavily dusted, and all but 1 per cent of the 
original cover had been destroyed. Most of the dust 
had been removed by the wind after the vegetation 
died and thus failed to continue to hold it in place. 
Only widely spaced remnants of blue grama and 
buffalo grass remained in 1939 (Fig. 89). Most of 
the buffalo grass mats were small, only a foot or two 
in diameter. There was a very light sprinkling of 
sand dropseed and wheat grass, especially about the 
relict bunches of cactus. Traces of mountain sage 
(Artemisia frigida) also occurred. The population 
of annual weeds—plantain, peppergrass, and stick- 
seed—had died and with the fragments of small Rus- 
sian thistles had been drifted together. Many square 
yards were entirely without a living plant. 

By August, 1942, the 1 per cent basal cover had 





Fig. 89. 
near Limon, Colo. 


Portion of a large, level, dust-covered pasture 
The cover (bunches) of blue grama 
and buffalo grass has been decreased to less than 1 per 


cent. Only a few of the most drought resisting peren- 
nial forbs survived. Many annuals had made a pre- 
carious growth, succumbed to drought, and given the 
landscape its gray, barren aspect. August, 1939. 
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increased to 11. The bunches of blue grama had 
enlarged and many new ones had been established. 
Buffalo occurred in seattered streaks and 
patches, sometimes 5 feet in width, more or less 
throughout. These two grasses composed 6 per cent 
of the cover. The remainder was nearly all western 
wheat grass, but there were scattered plants of 
Sitanion hystrix, Schedonnardus paniculatus, and 
Sporobolus cryptandrus. Chief weeds were Artemisia 
frigida with its many seedlings, and Grindelia squar- 
rosa. There were no Russian thistles, but dense 
stands of Festuca octoflora hirtella and Plantago 
purshii covered the otherwise bare, cracked, dust- 
covered soil. This was an excellent example of many 
ranges in early recovery from drought. This range 
was being grazed. 

In July, 1943, the older bunches of blue grama 
had inereased greatly in size; some were 9 by 16 
inches in basal diameter. Many new areas had been 
successfully reseeded by this species and by buffalo 
grass. Patches of buffalo grass ranged from 1 to 12 
feet in width and some elongated ones extended con- 
tinuously for 15 feet. Remnants in an old road had 
resodded much of it. Wind erosion had often left 
bunehes and small sodded areas of buffalo grass 
elevated an inch or more. Wheat grass occupied 
relatively large patches. It was often the dominant 
in low, flat ground, but in places it and the short 
grasses had developed a few square yards of typical 
mixed prairie (Fig. 90). Sitanion hystrix was fourth 
in abundance; there was also some Sporobolus cryp- 
tandrus, Muhlenbergia torreyi, and Schedonnardus 
paniculatus. In addition there were abundant seed- 
lings of nearly all species. Total basal cover was 
about 15 per cent. Much of the soil not oceupied by 


grass 


perennials was clothed with dense stands of Festuca 
octoflora hirtella, Plantago spinulosa, and numerous 
other weeds. 


The sage had increased greatly in 





Fig. 90. General view (July, 1943) in the same range 
and nearly the same place as shown in Figure 89. The 
cover of perennial grasses had increased to about 15 per 
cent. Most of this was western wheat grass, dark patches 
in the forgeround and extensive area in the background. 
Foreground shows plants of blue grama beaten down by 
hail. 
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abundance. This was one of the poorest ranges; 
although no reeent dusting had occurred, its recovery 
had been delayed by close grazing. 


Medial Stage 


In August, 1942, a range at Ruleton, Kansas, on 
which the vegetation had been nearly destroyed by 
drought and light dusting possessed a basal cover of 
perennial grasses of 20 to 30 per cent. About 50 
per cent was sand dropseed, 35 buffalo grass, and 15 
blue grama (Fig. 91). No other perennial grasses 
were present. Many bared spaces were occupied by 
sand dropseed only. Abundance of Russian thistie 
and annual sunflower was an indicator of much open 


ground. False buffalo grass occurred sparingly. 


Seedlings of this and sand dropseed were abundant. 





Fig. 91. A range at Ruleton, Kan., which had been 
badly denuded by drought and dust. An open stand of 
sand dropseed had developed with small patches of buf- 
falo grass and blue grama (hidden in this view by the 
mid grass). Sunflowers and other weeds indicate bare 
soil. August, 1942. 





Fig. 92. 


The same range as in Figure 91 on July 19, 
1943, showing a great increase in the patches of buffalo 
grass, the less vigorous growth of sand dropseed, and 


scarcity of weeds. Basal area of the vegetation is twice 
that of the preceding year. 
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By July, 1943, the basal cover had doubled in 
amount and was now 50 per cent, of which half was 
buffalo grass (Fig. 92). Blue grama had increased 
but slowly from tillers and seedlings and composed 
25 per cent, but sand dropseed now represented only 
25 per cent of the perennial grasses, a loss of one- 
half. There were no Russian thistles; horseweed was 
the chief ruderal, but a few sunflowers and lamb’s 
quarters were also present. The open spaces were 
more or less filled with seedlings of sand dropseed, 
blue grama, and tumblegrass of various ages and also 
false buffalo grass. Little barley and six-weeks fes- 
cue were scattered thinly among the short grasses. 

A later stage in succession occurred on the rolling 
hillsides near Beardsley, Kansas, in 1942, where level 
land gave way to characteristic “breaks” in country 
dissected by streams. Many thousands of acres of 
such land are under grazing and will remain thus 
since this is not arable land. On the steep slopes 
runoff and erosion had become great during drought, 
but were less on the moderately sloping hillsides. 
Much of the soil was covered with an open stand of 
blue grama, but there also much bare soil. 
Erosion had removed the top soil in places and left 
bunches of blue grama elevated 2 inches above the 
present soil level (Fig. 93). The many tufts of blue 


was 





Fig. 93. 
hillside near Beardsley, Kan., in July, 1942. 


Bunches of blue grama in flower on a steep 
Many are 
elevated 1 to 3 inches as a result of soil erosion. 


grama testified to a rapid recovery. Relict bunches 
and small patches of buffalo grass grew in the most 
favored places. They were not yet densely consoli- 
dated but were extending runners everywhere. Seed- 
lings and young bunches of both~-wiregrass and 
tumblegrass were common. On the steepest and most 
abrupt slopes, locally designated as catsteps, widely 
spaced bunches of side-oats grama occurred plenti- 
fully. Sand dropseed was elsewhere. The hills had 
not been dust covered, but had lost much soil by 
wind erosion. The soil between the bunches of grasses 
was hard and mostly bare, since the usual soil mulch 
was not present. The weed stage was poorly repre- 
sented by scattered plants of Russian thistle and 
witehgrass. Opuntia humifusa was common. The 








Fig. 94. Seedlings of blue grama in bare, eroded soil 
in an open cover of short grass such as occurs on steep 
slopes as shown in Figure 93. The young plants are 
mostly 2 to 3 years old. 


abundance of seedling grass of nearly all the estab- 
lished species was impressive (Fig. 94). The range 
as a whole was well on the way toward recovery. 
The basal cover increased to 25 per cent where the 
slopes were less steep. Succession had proceeded 
more slowly than on adjacent level ranges, partly 
because of the smaller amount of buffalo grass. But 
this grass soon inereased to 40° per cent of the entire 
cover; blue grama composed most of the remginder. 


Early, Medial, and Climax Stages 

A large pasture 8 miles northwest of Norton, Kan- 
sas, had been severely damaged by heavy dusting. 
In 1942 the dust was distributed thinly on the ridges 
and upper slopes but thickly on the brows of the 
hills and wind-protected lower ones. Often ridges 
and mounds of dust, still 2 to 2.5 feet high, remained. 
In this dynamic area there were many types of vege- 
tation represented, and almost all degrees of mix- 
tures. The density of annual sunflower indicated 
the degree of disturbance; the thicker the sunflowers 
the less relict vegetation occurred and the degree of 
recovery was least (Fig. 95). 

Patches of sunflowers had little beneath them ex- 
eept ruderals, chief of which were witehgrass and 
horseweed. There were also relict bunches of blue 
grama or, less often, buffalo grass, as well as scat- 
tered patches of western ragweed. Elsewhere, spe- 
cies of Lactuca prevailed, often with remnants of 
short grasses beneath or intermixed with sand drop- 
seed. Where dusting was just sufficient to kill the 
short grasses, sand dropseed occurred in open stands. 
In other places under similar conditions wheat grass 
formed extensive alternes. Areas occupied by these 
grasses varied in size from small patches to those 
several square rods in extent. 

On the least dusted portions, the cover of short 
grasses remained. But it was greatly depleted by 
drought and had lost most of the buffalo grass. The 
stand was very open; usually only 15 to 20 per cent 
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Fig. 95. General view of badly dusted range north- 
west of Norton, Kan., in July, 1942. The whole area 
was a mixture of weeds with patches of relict native 
grass. 


of the soil was covered. Seedlings of blue grama 
were plentiful and the stolons of buffalo grass were 
spreading rapidly. The moist period had been too 
brief for much recovery, especially with so great a 
decrease in buffalo grass. The seattered but consol- 
idated patches of this grass and wheat grass were the 
only ones free from an overstory of ruderals, except 
the slightly dusted areas on the most wind-swept 
slopes. The type of dusting indicated a good cover 
of vegetation at the time of dust deposit. 

Blue grama had not had time to migrate far into 
the wheat grass patches or alternes of sand drop- 
seed. The mixing that did oceur was due to widely 
spaced relict bunches left in the invaded areas. 
Bunches or patches of blue grama were scattered 
almost throughout except where the soil was covered 
deeply with dust. Large bunches of dead, bleached 
cactus occurred. 

Intermixing and overlapping of the communities 
was pronounced, and a wilderness of weeds almost 
obscured most of the scattered native grasses. Only 
the most stable vegetation was nearly free of annuals. 
In this patchwork one could find on the lower slopes 
a few islands of big bluestem, with flower stalks 5 to 
6 feet tall. Little bluestem was also encountered; 
wild rye was scattered thinly in places, and enormous 
bunches of widely spaced side-oats grama grew on 
the upper slopes, and smaller ones were often inter- 
mixed with wheat grass. In fact, in this patchwork 
of fragmented communities almost all combinations of 
the above species were found. The wide, shallow 
ravines were thickly covered with a pure, dense stand 
of wheat grass. Although the soil was free of debris, 
it was mellow; seedlings of many species were abun- 
dant, and a large crop of seed was:being produced. 
The vegetation had been plentifully supplied with 
water and was rank everywhere. Replacement of the 
ruderals by later stages of the subsere had begun. 

This pasture was studied again in July, 1943. It 
had not been disturbed; the dried stems of the 
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previous year were still intact. A good stand of 
sand dropseed had temporary control of the entire 
lower portion; the remnants of bluestems and nodd’ng 
wild rye had been reduced so much that only a few 
bunehes remained. Excellent bunches of blue grama 
and many patches of buffalo occurred ail! 
through the area of the old and new growth. The 
debris of dead weeds indicated that the next stage in 
the subsere had begun, and the presence of the short 
grasses portended the climax. 
and dwarfed, especially where buffalo grass had 
formed a sod. This grass had spread 1.5 to 2 feet 
this year on the periphery of its numerous patches. 
Seedlings of both the mid grass and short grasses 
were common and two-year-old plants were present 
as well. This contrasted sharply with the very open 
cover of grasses in 1942 (Fig. 96). Wheat grass had 
succeeded in its early growth and thus kept its terri- 
tory nearly free of weeds. Some less stable areas 
were partly occupied by very large bunches of side- 
oats grama or by wiregrass. Others were still in the 
early weed (mostly sunflower) stage. 


grass 


Green weeds were few 





Fic. 96. 
ing in a general area of sand dropseed and dwarfing 


View showing island of buffalo grass spread- 


this mid grass. sunflowers and 


horseweeds (dark). 


Note the presence of 
July, 1943. 


The upper portion of the hill had a much greater 
proportion of buffalo grass, since here it survived 
better because dusting was light. Weeds were almost 
absent from a large central area and from the upper 
western brow of the hill. The central portion, which 
continued along the entire length of the hill and 
varied in width from 150 to 600 feet, had a basal 
cover of 50 to 60 per cent (Fig. 97). Blue grama 
was more abundant than buffalo grass in the propor- 
tion of 3 to 2, and the small amount of sand drop- 
seed scattered thinly throughout was dwarfed and not 
flourishing. Where buffalo grass had sodded the soil 
between the bunches and patches of blue grama, the 
cover was more uniform and 10 to 15 per cent greater. 
Weeds in this central portion were represented only 
by last year’s stems. 

The west side of the hill was covered deeply with 
drifts of dust carried in by northwest winds frem a 
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field above. Practically all of the original vegetation 
died. It was covered with a dense stand of horse- 
weed, lamb’s quarters, western ragweed, and sun- 
flower 1.5 to 2 feet tall. Buffalo grass had seareely 
entered this area but bunches of  side-oats 
grama, sand dropseed, and blue grama did occur but 
were spaced several feet apart. Some of the relict 
bunehes of side-oats grama were 20 by 30 inches in 
basal diameter and spread of the tops was 3 to 4 
feet. Conditions on the deeply dusted east slope 
were very similar, although here sunflowers were 
much more abundant. Thus, on a single hillside were 
represented the early, medial, and climax stages of 
the subsere. 


large 





Fig. 97. 


Thinly dusted portion of the south slope of 
a pasture northwest of Norton, Kan., showing the recov- 
ery of short grasses (55 per cent cover) in July, 1943. 
The portion on the right, now clothed with Leptilon and 
other weeds, has deep drifts of wind-blown soil among 
which are large relict bunches of side-oats grama, blue 
grama, and sand dropseed. 


FIRST WEED STAGE 

Wherever the soil had been laid bare by drought 
or wind erosion or deposit, it soon became populated 
with annual weeds. Complete destruction was wide- 
spread. It oceurred over thousands of acres in and 
about the dust bowl. Complete exhaustion of avail- 
able soil moisture was the cause of death by drought ; 
the high temperatures, low humidity, and excessive 
movement of desiccating winds combined’ to enor- 
mously increase water loss by promoting transpira- 
tion and direct evaporation from the soil surface.” 
Plants that were watered did not die. Persistence of 
vegetation about snow guards (which were removed 
in summer) showed that its survival was due to the 
extra supply of moisture from the drifted snow. 
Here species of plants which died elsewhere often 
remained and sometimes maintained a nearly normal 
stature. 

The intensity of the drought was amazing. In 
southwestern Kansas on extremely dry years vegeta- 
tion made practically no growth in spring and early 


2 For a full presentation of the environmental conditions dur- 
ing drought see Albertson and Weaver 1942. 
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summer. Sometimes the landscape was green only 
a few weeks during the entire growing season. Over 
many square miles dust from tilled land completely 
buried the vegetation. Coverage to an inch in depth 
usually killed the short grasses. Ungrazed land was 
not exempt, for here the presence of a good cover 
caused the dust to lodge in mounds and drifts. In 
low grade pastures weeds played a similar role. 
Thus, on the level land mounds and ridges of earth 
1 to 5 feet deep and many feet long were a haven 
for weeds, the seeds having been scattered widely by 
the terrible dust storms. These deposits of early 
drought furnished the source of material for dust 
storms in later years after the vegetation beneath 
them had died. Thus, not only was the dust removed 
but often the original, dry soil beneath as well (Fig. 
98). Where vegetation had died of drought in over- 
grazed ranges and the rooterowns and roots had dis- 
integrated, the soil was so loose that wheat was 
drilled without any preparation of a seedbed. These 
were conditions for the early subsere. There remains 
also the fact that in the drier southwestern area such 
an environment, as regards lack or scarcity of peren- 
nial vegetation, still persisted in 1943. It is illus- 
trated by the following statements. 





Former short-grass range which had been 


Fic. 98. 
buried under dust. The vegetation died. Later high 
winds carried the dust away and much of the top of the 
silt loam soil as well. The dead crowns of buffalo grass 
and blue grama are now several inches above the gen- 
eral soil level. This view is from Lamar, Colo., in 
August, 1939, but is typical of large areas throughout 
the midwest. 


Near Lakin, Kansas, in late August of 1943, a 
wilderness of dead weeds from the preceding year 
was intermixed with a thick stand of sunflowers, 
lamb’s quarters, Russian thistles, and other ruderals. 
Drifts of soil formed in 1935 still remained and were 
filled with the burrows of pack rats. Only a few 
small plants of blue grama, sand dropseed, and 
buffalo grass were found. 

Near Sheridan Lake, Colorado, certain pastures 
were badly depleted by previous years of dusting. 
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Fig. 99. Rapid recovery of range at Seibert, Colo., 
(upper), a formerly fine range of blue grama and buffalo 
grass with a basal cover of 85 per cent that had been 
reduced to 18 per cent in 1939. Note the wide spacing 
of the bunches, of which about one-third are buffalo 
grass. (Middle) The same range in 1942. The basal 
cover has increased to about 30 per cent. (Lower) By 
July, 1943, the basal cover had spread more widely and 
was 55 per cent, although the excellent foliage gives 
the appearance of a nearly complete stand. The ratio 
of blue grama to buffalo grass has changed but little 


since 1942, when it was about 3 to 2. 
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Great drifts of soil 2 to 3 feet high and many feet 
in width were still populated with annual weeds. 
But scattered bunches of blue grama with a good 
crop of seedlings, patches of buffalo grass even if 
widely separated, and the presence of sand dropseed 
and tumblegrass portended a better future cover. 
But in the vast area lying northward and eastward 
of this drier part, succession had proceeded rapidly, 
the short-grass stage had been reached, and often ail 
but the last traces of the early and medial stages in 
succession had disappeared (Fig. 99). 


Salsola Pestifer 

Russian thistle was the most abundant of all the 
weedy annuals during the dry years. It is a ubiqui- 
tous species of bared soil, regardless of its origin. 
The seedlings appeared in rather late spring but 
the top of the plant did not spread much until mid- 
summer. Of the densely crowded seedlings, most 
succumbed and others were suppressed, since the 
dominant ones often attained large size, sometimes 
3 feet or more in height, and the diameter of the 
more or less spherical top not infrequently reached 
3 to 4 feet. But usually the plants were smaller and 
often dwarfed to only a few inches in height during 
extreme drought. This species has fleshy leaves and 
is very drought resistant. Normally the stems break 
off near the ground line in fall, unless the plants are 
overtaken by drought. Then they tumble across the 
wide level country, scattering seed as they travel. 
They lodge in great numbers against fences, weeds, 
drifts of dust, and elsewhere. Often fences are 
broken down or covered with dust, or traffic on the 
highways stopped, because of an accumulation of 
these pests. But if the tops were grazed or mowed 
when the plants were half grown and not yet spiny, 
they remained rooted and continued growth. They 
have much value as forage during drought, either for 
grazing or when cut early for hay. Mowing is prac- 





Fie. 100. 


Pasture near Boise City, Okla., on nearly 
level land that has been covered with silt and again un- 


covered. It is indistinguishable from the highway from 
weedy tilled land. Many of the Russian thistles were 
growing on drifts of soil. 
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ticed in reseeded areas to keep the plants in place 
as a protection to seedling grasses from wind and 
direct sunshine. 

By late summer Russian thistles often occurred in 
practically pure stands since nearly all annual com- 
petitors had been overcome; some had been actually 
pushed aside by the enlarging crowns. This species 
alone or almost alone covered hundreds of square 
miles of the dust bowl, and occurred widely in all the 
mixed prairie area (Fig 100). On many former 
ranges it was the early subsere, since it alone com- 
posed the vegetation. In fall and winter the dried 
plants accumulated in great windrows held by drift- 
ing soil, in ditches, or wherever else they had been 
blown; the rest of the range was bare. But on wet 
years with a cool spring, as 1941, they did poorly. 
Their invasion into true prairie ceased abruptly in 
1942-43, and seedlings were not found even where 
the old plants had lodged. With continued good 
rains and the recovery of short grasses they have 
practically disappeared from the better ranges in 
mixed prairie as well. But they still persist in the 
drier, more open ranges of the southwest, often in 
large numbers. 


Chenopodium Spp. 

Lamb’s quarters, Chenopodium album, and narrow- 
leaved goosefoot, C. leptophyllum, were perhaps the 
most abundant of all annual forbs on wet years. 
Seedlings did not appear until the soil became warm. 
The plants developed rapidly, forming a tall dense 
cover by midsummer. A common height was 3 to 5 
feet when moisture was plentiful, but on dry years 
there were dwarfed plants only 6-12 inches tall. They 
cast a dense shade and seedlings or recovering grasses 
were often greatly handicapped by their presence. 
Mature plants dried and remained standing another 
year unless blown over or weighted down by snow 
or dust. They were very widely distributed and 
usually abundant in bared soil. 


Amaranthus Spp. 

Rough pigweed, Amaranthus retroflexus, locaily 
known as redroot, was of common occurrence and an 
important component of the weedy vegetation. It 
ranged in height from 1 to 3 feet. Like the preced- 
ing, it furnished some forage, although it is said to 
be poisonous to stock under certain conditions. When 
mowed high it furnished a nurse crop for seedling 
grasses. A. graecizans is of smaller stature and 
somewhat bushy in habit, but of very wide distri- 
bution. A. blitoides, also common to abundant in 
open ground, is a mat-former much like purslane. 


Helianthus Annuus 

The common sunflower became very abundant in 
depleted ranges and largely replaced H. petiolaris 
on the hardlands since this native annual species, 
although formerly extremely abundant, withstood 
drought poorly. Pure stands covered large areas of 
much degenerated range lands. Like most weeds it 
grew best when the soil became more or less per- 
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manently moist in 1941. But the size attained in the 
windswept ranges was rarely more than 4 to 6 feet 
(Fig. 101). This, however, contrasted sharply with 


most other weeds and especially with the relict 
patches of short grasses sometimes scattered beneath 
even a thick stand. 





Fig. 101. Much disturbed range near Seott City, Kan., 
with weeds and sand dropseed in the foreground; also 
common sunflower which thickened its stand greatly in 
the background. 


Monolepis Nuttalliana 

Chief among the low-growing plants were Mono- 
lepis nuttalliana, Portulaca oleracea, and prostrate 
species of Chamaesyee. Monolepis is a prostrate 
plant which developed circular mats a few to 15 
inches in diameter. It consisted of prostrate branches 
which under conditions of drought grew only a few 
inches above the soil. Its color was greenish-red. 
This annnual began growth in fall and renewed de- 
velopment early in spring, usually in April. It 
matured and dried in June. These weeds aggregated 
densely, sometimes completely obscuring the bare soil 
(Fig. 102). They competed for light with grass seed- 
lings but not with established grasses. Where they 
occurred, they gave a distinct tone to the landseape. 
During their short life they retarded erosion by both 





Fig. Much depleted range near Winona, Kan., 


102. 
with a few seattered bunches of short grasses and an 


almost continuous cover of Monolepis nuttalliana. May 


27, 1939. 
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wind and water, and also furnished some forage. 
When dead they mulched the bare soil for a long 
time. They were intermittent in distribution but 
oceurred widely, and often formed nearly pure stands. 


Portulaca Oleracea 

Dense patches of purslane, often covering many 
acres, gave the otherwise bare hillsides a reddish color 
in June. But these striking alternes also recurred in 
July and August, following showers. Like the pre- 
ceding, they were early subsere plants associated with 
a warm dry soil. This succulent plant grew rapidly 
and formed extensive low mats. Its abundance was 
less than that of Monolepis. 


Chamaesyee Spp. 

The chief species of spurge or carpet weed found 
on the bare soil were Chamaesyce glyptosperma, C. 
stictospora, and C. geyeri. All formed widely spread- 
ing mats on bare soil and gave it considerable stabil- 
ity. Where seed germinated in small bared places 
surrounded by accumulated debris of weeds or last 
year’s grasses, the stems frequently elongated 6 to 9 
inches and the mats spread like umbrellas over the 
supporting debris. 


Solanum Rostratum 

Buffalo bur is a weed that was formerly confined 
largely to feed lots, corrals, and waste places. It 
often occurred widely in low grade pastures, espe- 
cally in bared ravines. In some ranges this prickly 
annual aggregated into dense patches, elsewhere it 
was found intermixed with other weeds. It is a large, 
coarse, native annual of no forage value but of good 
drought resistance. It was of considerable impor- 
tance in the annual weed stage. 


Leptilon Canadense 

Horseweed has played an important part in the 
subsere almost everywhere. While it occurred abun- 
dantly in the early stage, it was represented in later 
stages as well, and persisted as long as there were 
small bare spots among the grasses where the seeds 
could reach the soil. Typically it was a species of 
open land. A moist spring was usually essential for 
good establishment. It responded quickly to an in- 
crease in soil moisture and one could closely estimate 
the favorableness of the season by the height growth 
of this weed. The plant was usually single-stemmed 
but very leafy, unless it had been bitten off, usually 
at a height of several inches. It then responded by 
producing a bushy top of many stems. Where the 
cover was open the plants densely aggregated, the 
height varying from 5 inches to 5 feet (Fig. 103). 
The weed thus not only formed dense patches, often 
of great extent, and hindered growth of seedling 
grasses and the spread of stolons, but it also gave 
the range a distinetly irregular and ragged appear- 
ance. It continued growth until fall if water was 
available, otherwise it often withered and died early. 
It was distinctly cyclic in appearance, sometimes 
failing to oceur where dead stems revealed that the 
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plants were abundant the preceding season. But it 
was sometimes plentiful the next year. It disappeared 
entirely only when perennial grasses gained possession 
of the soil (Fig. 104). 

All of the preceding annual weeds have played an 
important role in temporarily stabilizing the loose, 
dry, wind-blown or water-eroded soil. Practically all 
were grazed, in fact over thousands of acres they 
were the only forage available for starving cattle in 
the worst denuded pastures. But the food value was 
low, and during the driest years even these weeds 
Range examiners often 


were dry during summer. 
estimated the carrying capacity of these weedy pas- 
tures in and near the great dust bowl as one animal 
unit per 80 acres. 





Fig. 103. Thick stand of horseweed (Leptilon cana- 
dense) near Rexford, Kan., in August, 1942. An open 
growth of short grass grew beneath these weeds. 





Fig. 104. 


Seattered growth of horseweed near Oak- 
ley, Kan., where a dense sod had replaced an open stand 
of grasses and relatively few bare places remained for 


the germination and growth of weeds. August, 1942. 
SECOND WEED STAGE 
Depleted ranges were usually heavily infested with 
a diverse population of weeds. Sometimes a plant 
which was found more usually in the second weed 
stage, for a time also thickly populated bare soil. 
This was true of Lepidium densiflorum. On other 
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ranges where much bare soil occurred between patches 
of grass which in the aggregate formed a moderately 
good cover, Russian thistles or other species of the 
early weed stage were found. But species listed 
under the second weed stage usually dominated more 
stable areas than the preceding ones. In spring espe- 
cially, the cover of weeds gave the appearance of 
excellent pasturage. Much of this aspect was due to 
little barley. 


Hordeum Pusilium 

Little barley played a role of enormous importance 
during drought. This winter annual varied in height 
from 8 to 16 inches on wet years but was often only 
an inch or two tall on dry ones. It practically al- 
ways succeeded in heading, however, before the mois- 
ture supply was exhausted. Its myriads of slender, 
unbranched stems covered the soil in very early 
spring and furnished fairly good grazing. But early 
in June and for many weeks thereafter dense yellow- 
ish patches, alternes, or continuous stands of dried 
plants gave many ranges the appearance of a stubble 
field or a field of headed grain. The amount of little 
barley varied greatly by years and locality but it 
occurred everywhere. 

Little barley was very detrimental to the growth 
of seedling grasses and the establishment of short 
grasses as well. Like other rapidly growing weeds, 
it absorbed large amounts of water from the surface 
soil and produced a thick layer of vegetation which 
not only shaded the soil but in addition intercepted 
much precipitation. The large amounts of water lost 
from the soil on which a thick stand of little barley 
grew were ascertained. Conditions and time of the 
experiment were the same as those described for 
downy bromegrass. Losses were only a little less. 
Those from the soil were 41 pounds per square foot 
or 893 tons per acre from March 27 to May 8, 1943, 
at Lincoln, Nebraska. Interception losses amounted 
to 0.53 pound per square foot of soil or 11.54 tons 
per acre. 

Under little barley the shade was dense; often onlv 
1 to 3 per cent of full sunshine reached the soil. The 
dried straw continued to obstruct the light for seed- 
lings and all low-growing vegetation. When it lodged, 
chance for survival of seedlings beneath it was still 
further reduced. Dead seedlings of sand dropseed 
and other grasses have been found repeatedly under 
a eover of little barley. Often there was no vegeta- 
tion under the cover but great quantities of fallen 
spikelets. By clipping and weighing the yield of 
little barley, it has been found that this weed may 
produce 1 to 2 tons of forage per acre per year. 

Earlier in drought little barley occurred abun- 
dantly all over the drought-stricken ranges. In 1941 
it was found in the more favored sites only, and 
disappeared almost entirely in Colorado. But it was 
again abundant in 1942-43. This grass is a native 
species and a normal component of the short-grass 
cover. There are always small interspaces in the 
perennial sod where seed can contact the soil and 
here little barley thrives. 
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Panicum Capillare 

Unlike little barley, witchgrass is an annual of 
large stature and grows only in open ground. It is 
not found in grassland even where the cover is only 
moderately good. This plant indicates much dis- 
turbed conditions and it has been an important spe- 
cies over great areas of range land. The size attained 
varied with the water supply. Small plants a foot 
high were common but those with a stature of 2 to 3 
feet and spreading tops so close that they formed a 
nearly complete cover also occurred. They were 
rather patchy in distribution on silt loam and thrived 
best on lighter soils. 


Eragrostis Cilianensis 

Stinkgrass is a semiprostrate grass under grazing 
and trampling but when undisturbed grows more 
erect forming small bunches. This summer annual is 
easily shaded out and gives way even to a stand of 
sand dropseed. If water is available it remains green 
until fall and furnishes some forage where better 
grasses are few. 


Festuca Octoflora Hirtella 
This variety of six-weeks fescue is a shorter and 
more spreading plant than Festuca octoflora. It was 
an important component of the second weed stage. 





Detailed view of small clump of six-weeks 
fescue (Festuca octoflora hirtella) from a small inter- 
space in blue grama sod (left), and a thin stand of the 


Fic. 105. 


From a 


same grass growing with blue grama (right). 
range near North Loup, Neb., August, 1943. 


In many ways its behavior was similar to that of 
little barley. The variety was far more abundant 
than Festuca octoflora in mixed prairie, but was 
usually not found east of Hays and Holdrege. It 
often populated wide areas of open soil but unlike 
many early subsere weeds was also an important 
member of the second weed stage. The densely ag- 
gregated stalks of this annual clothed the bare places, 
whether small or large, that occurred between the tufts 
A thin growth was also seattered 
When it 


of short grasses. 
in the clumps of short grass (Fig. 105). 
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dried it was usually plentiful enough to give the 
range a tinge of brownish yellow even when the short 
grasses remained green. 


Bromus Spp. 

Species of bromegrass, which were so very impor- 
tant in the subsere in true prairie, also occurred on 
many ranges in the eastern margin of mixed prairie. 
They were not infrequently of considerable abun- 
dance, especially downy brome or chess (Bromus 
tectorum), Japanese chess (B. japonicus), and later, 
hairy chess (B. commutatus). Upon drying and lodg- 
ing they formed a thick mulch over the bared soil. 


Lepidium Densiflorum 

Peppergrass produced continuous dense stands over 
many acres. Sometimes it was the sole species but 
usually there was an understory of an open stand of 
blue grama. It was widely distributed and grew in 
such abundance immediately following drought that 
it was very important in soil stabilization. Through- 
out mixed prairie it formed continuous stands over 
many acres (Fig. 106). 





Fig. 106. 


One of the thousands of patches of pepper- 
grass (Lepidium densiflorum) found in the midwestern 


ranges during the years of great desiccation. This one 
is near Cheyenne Wells, Colo., and was included in the 
seedling survey made in June, 1941. The peppergrass 
is about 6 inches tall and there is a cover of 1 to 3 per 
cent short grass beneath it. 


The plants were 5 to 8 inches tall and grew so 
thickly that they obseured the grasses beneath. Den- 
sity of stand of this species always increased with 
sparseness of the perennial grass cover, which was 
often only 1 to 3 per cent. The fallen seeds were 
sometimes so abundant that they completely covered 
the soil. Often the leaves of the grasses were splat- 
tered with the seeds which are mucilaginous when 
wet. Newly dried plants were straw-colored, older 
ones were a drab gray. Great alternes on the barer 
slopes were composed of this weed, and’ in places they 
covered the entire pasture. Frequently 160 plants 
grew on a single square foot. As late as 1941 it still 
grew thickly in the more easterly ranges of mixed 
prairie, but westward it was replaced largely by 
species of stickseed and eryptantha. 
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Plantago Spp. 

Pursh’s plantain (Plantago purshii) and spinulose 
plaintain (P. spinulosa) formed dense patches on dis- 
Often these species and peppergrass 
In such ranges the soil eov- 


turbed ranges. 
were the worst weeds. 
ered by the densely aggregated annuals was much 
greater in area than that clothed with the native 
grasses. Dense patches and alternes gave the land- 
scape a grayish appearance in June when the spikes 
became prominent. These plants are grazed only 
when young and before the hard spikes have matured. 


Lappula Spp. 

The stickseeds (Lappula occidentalis and L. hetero- 
sperma) when green may grow so thickly as to com- 
pletely cover the soil. On dried plants the leaves 
shrivel or fall and the much-branched stems and spiny 
fruits are only prominent (Fig. 107). The drab 





Dense cover of stickseed (Lappula occi- 
A 2 per cent 


Fig. 107. 
dentalis) 8 inches high near Arriba, Colo. 
cover of short grasses occurred beneath. 


color of these winter annuals demarked in early sum- 
mer innumerable areas of a few square feet to many 
square rods, if indeed they did not give tone to the 
whole landscape. Beneath this thick weedy growth, 
often about 8 inches high, occurred the depleted 
stands of grasses. The density of the grass cover 
was usually inversely proportional to the thickness of 
the stand of weeds. Stickseed was especially abun- 
dant in western Kansas, and Colorado. 


Cryptantha Crassisepala 

This harsh borage is often associated with Lappula 
or alone covers much bared or partly bared soil. 
Millions of seedlings often appeared in dense patches 
in fall and remained green throughout the winter. 
After a few weeks of growth in spring, seed was 
produced and the plants dried. The color changed 
first from green to gray and then to black. Plants 
sometimes attained a height of 8 inches but were often 
only 3 to 4 inches tall. They usually aggregated 
densely but were often thinly scattered over the de- 
pleted ranges. The dead plants remained standing 
for a long time. 
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Diseussion 

All of these quickly maturing, weedy plants—little 
barley, peppergrass, stickseed, and ecryptantha— 
frequently grew even in the best remaining patches 
of blue grama and buffalo grass, as well as more 
densely between them. They formed either a discon- 
tinuous, patehy layer above the grasses or over- 
shadowed them entirely throughout the entire range. 
They were often accompanied by an abundance of 
six-weeks fescue. They were of little value for graz- 
ing and upon drying became highly undesirable. 
Lappula and eryptantha were not eaten nor was the 
grass under a dense stand of these weeds. Yet the 
preceding weeds usually formed, during drought, the 
major components of the plant cover. Studies on the 
yield of ranges in western Kansas near the end of 
the drought have shown that while a ton or more per 
aere of peppergrass, stickseed, Russian thistle, and 
other weeds was produced, the yield of native grasses 
was often only 200 to 300 pounds. 


The amount of the winter annuals, and indeed their 
occurrence, was highly dependent upon soil moisture 
for germination and conditions for growth in early 
spring. Those which germinated and normally grew 
often failed to do so if the spring was cold or dry. 
They usually failed to appear later even if good rains 
fell in late May or June. Thus, their abundance 
and very presence fluctuated greatly. They were a 
scourge on many ranges in 1940-41. In facet, the 
harsh, prickly plants and fruits almost excluded the 
possibility of grazing over wide areas. This, of 
course, was favorable to the weakened grasses. But 
with the inereased rainfall and lower spring tempera- 
tures peppergrass, lappula, eryptantha, and plantain 
as well disappeared or nearly disappeared except in 
the drier area in southwestern Kansas and adjacent 
territory. 


While annual weeds were often abundant in great 
patches or even continuously over many greatly dam- 
aged ranges, in others they were thinly scattered and 
not infrequently sparse, greatly dwarfed, or killed by 
drought. Water content of the soil and seed distri- 
bution were the chief controlling factors. A few less 
dry years, as 1935 and 1938, were interspersed be- 
tween those of grave moisture deficiency. Moreover, 
precipitation in this semiarid region was frequently 
local in distribution and of erratic occurrence during 
the growing season. Nor did seeds even of all the 
weeds occur everywhere. But weeds did compose all, 
nearly all, or the larger part of most of the vegeta- 
tion, depending upon the degree of destruction of 
the native grasses (Fig. 108). Native forbs were 
always searce and all but a dozen of the most drought 
enduring species disappeared. But with the return 
of normal precipitation, and often two or three times 
the normal in spring and summer, grasses began to 
reclaim more of the area and bare spaces for annual 
weeds rapidly decreased. In this change of plant 
population not only did the climax grasses play a 
part but also a number of species which composed 
the early native grass stage. 
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Mixture of weeds—Russian thistle, horse- 
The patchy cover of buffalo 
Range 


Fig. 108. 
weed, sunflower, and others. 
grass and sand dropseed totaled 20 per cent. 
north of Syracuse, Kan., August, 1942. 


EARLY NATIVE GRASS STAGE 
With the appearance and increase of perennial 
grasses of the early native grass stage, good progress 
toward stabilization has been made. For these plants 
are not only longer-lived but they maintained a much 
better cover from year to year than did their pred- 


ecessors. Their fibrous roots more firmly held the 


soil than did the tap roots of the preceding weeds 
or the shallow fibrous roots of the annual grasses 
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Fic. 109. Root systems of first year seedling grasses 
and annual weeds in an open cover of short grass at 
Hays, Kan., on August 1, 1938. (A) buffalo grass, 
(B) sand dropseed, (C) blue grama, (D) peppergrass, 
(E) six-weeks fescue, (F) stickseed, and (G) Pursh’s 
plantain. Conditions for growth were very favorable 
until the late July drought. The weedy annuals (D to 
G) had died and the finer roots, which were few, had 
disintegrated and are not shown. 
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(Fig. 109). Nor did they grow so thickly and shade 
the soil with its seedling population so greatly as the 
annual weeds. 


Sporobolus Cryptandrus 

By 1940 sand dropseed was the most widely spread 
and most abundant of the minor perennial grasses. 
Previous to the drought, it was usually restricted to 
sandy soil. But with the advent of the dry period 
vast areas of soil were laid bare. Into this warm, 
loose, usually dry soil sand dropseed spread widely, 
especially after 1939 when the plant cover was again 
greatly reduced. It inereased very greatly since the 
drought and is now exceeded in abundance only by 
blue grama and buffalo grass. While on some ranges 
only a few bunches were found, and in others it was 
confined to the “catsteps” or rougher land, more often 
it was found abundantly and not uncommonly in al- 
most pure stands. Indeed, the sporobolus type of 
grassland was common (Fig. 110). Thickness of 
stand was somewhat proportional to the original de- 
gree of destruction of the cover. It thrived in dusted 
pastures. Where open spaces occurred, it was still 
spreading in 1943 by an enormous crop of seedlings. 





Fig. 110. 
much disturbed range near Levant, Kan. 


Sand dropseed (Sporobolus cryptandrus) in 
It forms about 
60 per cent of the vegetation; the rest is short grasses. 


Sand dropseed is a prolific seeder and its seedlings 
have often persisted along with those of the short 
grasses when nearly all others succumbed. Two- and 
three-year-old tufts were found regularly in 1942-43. 
It tillered so freely that the bunches increased rapidly 
in size. In the 1940 seedling survey, for example, 
this species occurred in 103 of the 550 square-foot 
samples, blue grama in 132, but buffalo grass in only 
34. Aside from Schedonnardus paniculatus (24) 
these were practically the only perennial grass seed- 
lings found. But in number (592) sand dropseed 
exceeded even blue grama (518). In the following 
years its seedlings occurred so thickly in places (20 
to 30 per square foot) that they seemed to have been 
sown by hand. Thus, this grass was of extremely 
great importance in the subsere. Its percentage of 
the basal cover where it was intermixed with short 
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grasses was commonly 5 to 20. Where disturbance 
was greater or soil type lighter, this rapidly increased 
to 50 per cent or more, and many ranges with 80-90 
per cent sand dropseed and only remnants of short 
grasses have been examined. 

This grass is only a semiclimax species. It has 
never been observed to decrease in size or numbers 
in a thickening stand of blue grama. But this will 
probably occur when blue grama forms a more com- 
plete sod. Sand dropseed yielded readily to the rapid 
invasion of buffalo grass when it formed a dense sod. 
This has been observed repeatedly both in and out- 
side of quadrats, in fact, on almost every day of 
field study since 1942 (Fig. 111). Weak, scattered 
plants were common where a cover of 80 or more 
per cent of buffalo grass or mixed short grasses had 
developed. Under such conditions the lower 3 inches 
of old plants were covered with debris of dead grass. 





Fig. 111. 


Sand dropseed 
became very abundant here in 1940. But by 1942 buf- 
falo grass had increased so greatly that it had replaced 


Range near Syracuse, Kan. 


much of the dropseed. Small weak bunches, often with 
very few stems, and dead plants were common. 


They were first dwarfed in stature, then fewer and 
fewer stems developed in spring. Relict plants with 
only 1, 2, or 3 stems were easily found on bunches 
with a good base. Finally, old crowns without new 
stems revealed the last stages of its suppression. 
Then the range with irregular height of cover and 
consequent patchy and ragged appearance took on 
the low monotonous aspect of well grazed pasture. 
But in many places the sand dropseed stage in suc- 
cession has only recently been attained and its re- 
placement by other grasses remains for the future. 
The grazing of patches of sand dropseed to the 
neglect of the more palatable short grasses which 
were ungrazed the preceding year is of interest and 
quite common in occurrence. It results from the fact 


that the sand dropseed had been grazed and repeat- 
edly regrazed the previous year (or very early in 
spring) while the short grasses had been neglected. 
Thus, a poorer quality of green forage is often 
selected by cattle in preference to a better one inter- 
mixed with dry leaves. 
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Agropyron Smithii 


Western wheat was represented widely 
throughout the mixed prairie both before and during 
drought. Its rhizomes were present in the soil in 
favored places as regards moisture even where devel- 
opment above ground was much retarded by com- 
peting vegetation. When the sod was opened by 
drought, wheat grass often became plentiful (Fig. 
112). On rolling land it occurred formerly on the 
border of the short-grass type, in the ecotone between 
this and the little bluestem type, and was also inter- 
mixed with little bluestem on its margins. Where 
underlying shale near the valley produced soil into 
which water penetrated slowly, wheat grass also oe- 
curred. From here it extended downward into the 
drought-damaged big bluestem type. Banks of dry 
ravines were also invaded. A third refuge of this 
drought evader was the buffalo wallows scattered 
throughout the short-grass habitat. But here the liv- 
ing rhizomes remained mostly dormant during the 
several years of drought, with little or no growth 
above ground. Since 1941 it has thrived and spread 
outward onto the level land where it formed an upper 
story to the open cover of relict short grasses. 


oTrass 
grass 





Fig. 112. 
a disturbed range near Holdrege, Neb. There is also 
much little barley, but this grassland aside from the 
deeply dusted wheat grass patches is rapidly returning 
to short grass. July, 1943, 


-atches of western wheat grass (dark) in 


The extent of the invasion of wheat grass on up- 
lands when the cover was broken was vividly re- 
vealed by its excellent growth here on the better 
years. In general, it is far more abundant on rolling 
than on level range lands. On level or gently un- 
dulating land one finds wheat grass where there is 
a slope into shallow basins. Such bas‘ns have always 


been much grazed and trampled, a fact that may 
account for the present dominance of wheat grass. 
Trampling, drought, and dusting are the keys that 


unlock an area for the entrance or spread of wheat 
With rare exceptions, the relative amount of 
this grass on the level lands in Kansas west of Hays 
was small even in 1943. On the loess hills about 
Ravenna, Ord, and Broken Bow, Nebraska, for ex- 
ample, it occurred spar:ng!y to abundantly in patches 
and alternes where it had popu'ated many drought- 
bared or dusted areas regardless of topography. In 


grass. 
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fact, throughout the rolling grasslands, streaks and 
large circular areas or whole hillsides and valleys 
were covered with this rhizomatous, drought evading 
grass. 


Schedonnardus Paniculatus 

Tumblegrass was commonly found before the 
drought in disturbed places, especially in overgrazed 
ranges, where it sometimes composed a considerable 
part of the cover. Although it is a dryland grass, it 
was unable to survive the great drought, and all but 
disappeared, often being replaced by sand dropseed. 
It formed small tufts or bunches, and after flowering 
the axis of the inflorescence elongated to 2-4 feet on 
moist years and curved outward, often over the tops 
of adjacent short grasses (Figs. 87 and 88). Ina 
few places it grew so thickly that when the panicles 
had expanded they formed a continuous layer over 
the 20 to 30 per cent cover of short grasses. The 
panicles break away from the plant and are spread 
far and wide by the wind. With the return of a 
normal supply of soil moisture, seedlings and tufts 
of tumblegrass became very abundant in the bare 
spaces between bunches of blue grama or mats of 
buffalo grass. Thus, much bare or weed-infested 
soil was again populated with a perennial grass. 
Sometimes the old crowns. persisted during the 
drought, and in buffalo wallows the plants grew well 
during the less severe years of the drought period. 
But this species formed only a temporary cover since 
it was easily replaced by sand dropseed, wheat grass, 
and, of course, by the short grasses as well, even 
before a complete cover was attained. 


Munroa Squarrosa 
False buffalo grass almost disappeared during the 
drought. This grass has neither rhizomes nor stolons. 
Although the stems of this low-growing annual spread 
widely and under favorable conditions form mats 1 


to 1.5 feet in diameter, they do not become rooted 
at the nodes. In dry soil the plants were relatively 
small. They oceurred only in bared soil or open 


places between the perennial grasses, and did not 





Open stand of false buffalo grass (Munroa 


Fic. 113. 
squarrosa) in hard open ground on a range near Strat- 


ton, Colo. The light-colored debris is from the flower 
stalks of tumblegrass. 
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tolerate shade. Seedlings often died under the shade 
of tall weeds or other plants. Munroa thrived on 
hard and trampled soil, occurred in paths or around 
the large mounds built by agricultural ants. Its 
abundance varied widely with the amount of pre- 
cipitation, but sometimes it occurred throughout large 
ranges (Fig. 113). 
Chloris Verticillata 
Windmill grass grew rapidly where th2re was little 
competition except by annuals of low stature, and 
spread widely by means of the tumbling inflorescences. 
It often developed large bunches, but it was of less 
abundance than tumblegrass. It was seldom found 
in large amounts north of Kansas, and the soil be- 
came too dry for its existence in the southwestern 
area, where it disappeared rapidly. This grass was 
closely grazed even in fairly good pastures, and was 
often replaced by sand dropseed. 


COMPARISON OF STAGES IN THE TWO SUBSERES 


A brief statement concerning the shorter subsere, 
which oceurred in ranges with one-fourth or more of 
the cover left intact, is necessary for the sake of 
clarity and to avoid repetition. For the late grass 
stage is the same in that subsere as in the one in 
more denuded ranges. 

Comparison of the lists of species in the first stages 
of the two subseres reveals that none of those in the 
longer sere, except Salsola pestifer and Leptilon 
canadense, appears in the shorter one. This indicates 
that these annual weeds were of too little importance 
to be ineluded as subsere dominants, although of 
course they sometimes occurred in ranges, or parts 
of pastures, but in small amounts. Russian thistles, 
which grew in the less disturbed pastures during the 
drier years only, were mostly plants of small size 
that were scattered thinly or thickly in the places 
where a perennial cover was lacking. Diaperia 
(Filago) prolifera is a small, early, annual composite 
which occurred in enormous abundance, often where 
sheep were pastured. Although found in all portions 
of the area, it occurred in great abundance in rela- 
tively few of the ranges. Leptilon canadense was 
present throughout both subseres and remained as a 
weed as long as there were even small open spaces 
in a good cover of the climax short grasses. In fact, 
where this tall annual was present, the openness of 
the cover could be gauged by its density. 

Species of the first stage of the shorter subsere 
were largely those of the second stage of the longer 
one. The only exceptions are that Panicum capillare 
and Eragrostis cilianensis were not important in the 
sere in better pastures. When the scourge of Lepi- 
dium densiflorum swept over the grassland, the plants 
grew wherever they found lodgment in bared soil. 
This was true for Plantago and all the other annuals 
which occurred in both seres. They grew between 
the bunches or sod mats of both blue grama and 
buffalo grass ‘since these were about the only relicts 
of much importance aside from the dormant wheat 
grass. They were all of enormous abundance on 
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various drought years and filled the bare places 
sparsely to completely depending upon place, season, 
and rainfall distribution. 

In the second stage of the shorter subsere species 
of Aristida and Sitanion hystrix were of some impor- 
tance, in addition to those already discussed. Before 
drought both Aristida purpurea and A. longiseta 
oceurred widely and often abundantly over the short- 
grass disclimax. But with the coming of severe 
drought, these shallowly rooted bunch grasses were 
among the first to show the effects of a decreased 
water content. Some remained in somewhat sandy 
soil until 1939. But they finally disappeared from 
the hard lands and persisted elsewhere only where 
they were protected by other vegetation or as a re- 
sult of irregular topography. A. purpurea, the spe- 
cies with taller and more upright stems, was less 
drought resistant and had recovered more slowly from 
drought than A. longiseta. Many young plants and 


bunches were found in 1942 and a year later they 
were comomn in many places (Fig. 114). 





Fig. 114. Wire grass (Aristida purpurea) scattered 
over rather low open ground in a broad expanse of 
grassland near Burlington, Colo. July, 1943. 





Fig. 115. 
in a range near Anton, Colo., in July, 1943. 


Thick stand of wind-blown Sitanion hystrix 
The stand 
will become greatly thinned when the cover of short 
grasses is repaired. 
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Squirreltail (Sitanion hystrix) is also a bunch 
former but was formerly less plentiful than the wire- 
grasses. It survived the drought poorly and only 
in rough or rocky terrain. Many young plants with 
only one or two spikes were found in 1943, but in a 
few ranges recovery was earlier and more rapid and 
the plants were very conspicuous and abundant 
(Fig. 115). 


LATE GRASS STAGE 

The development of the late grass stage is pri- 
marily a story of the return of blue grama and 
buffalo These grasses today, as before the 
drought, are the most abundant grasses of the mid- 
western ranges. Before the drought, mid grasses were 
scattered throughout, mostly sparingly on the grazed 
hardlands. But during the drought eyele they prac- 
tically disappeared (Weaver & Albertson 1940). 
After three years favorable for recovery, they are 
only beginning to return. It was the short grasses 
that persisted as relicts and they almost alone were 
replacing the cover of this great grazing disclimax. 


grass. 


Bouteloua Gracilis 

During the great drought when all other native 
vegetation had succumbed, one could nearly always 
find scattered bunches of blue grama. Sometimes 
they were as much as 20 feet apart, but in certain 
ranges they remained in considerable abundance even 
if widely spread. The bunches were separated in 
winter by bare soil and in summer by a mixed stand 
of annual weeds. Most of these bunches endured 
until 1939, often being elevated 1 to 3 inches above 
the ground where the top soil had been blown or 
washed away (Fig. 116). Bunches or clumps of 
buffalo grass, when present, were likewise elevated 
and also subjected to excessive drying of the soil 
about the roots and rooterowns. But unlike blue 
grama they could still spread by stolons contacting 
the surrounding soil. Limits of spreading of blue 
grama were circumscribed. The peripheral tillers 
sometimes extended outward nearly horizontally but 
roots could not reach the soil. In wet weather it 
might have been possible for fragments of the 
bunches to have been broken off by trampling and 
thus transplanted near the old ones, but no such 
process was observed. Bunches, usually not thus 
elevated, grew to very large size, 10 to 12 and rarely 
18 inches in diameter. They were important in hold- 
ing the soil and, on favorable years, a source of 
much seed. 

When good rains came in 1941 the bunches of 
blue grama everywhere produced many new roots 
which grew outward and downward from-the crowns 
or penetrated the soil directly beneath them. They 
reached a depth of 18 to 21 inches by autumn and 
thus reinforced the much-thinned and scanty root 
system found at the end of the drought (Weaver & 
Albertson 1943). 

During the least severe years of the period of great 
desiccation, this most drought resistant of all the 
mixed prairie grasses produced seedlings. But such 
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Fig. 116. Large bunches of blue grama that with- 
stood the entire period of drought. They are elevated 
several inches above the surrounding eroded soil which 
was still bare in August, 1942. The bunches are 12 
inches in diameter. From a range near Levant, Kan. 





Fig. 117. 


Range near Sheridan Lake, Colo., showing 
old bunches of blue grama and numerous well established 


seedlings in 1943. Buffalo grass (left foreground) is 
spreading into the bare places by stolons. 


gains as were made were largely lost in the extremely 
dry years, 1939-40. Thereafter seedlings were found 
in abundance almost everywhere, and their establish- 
ment was far more certain (Fig. 117). Thus, this 
stable species began slowly to return. Blue grama 
also spreads from rejuvenated tufts which result 
from the death of the central and often some periph- 
eral portions of old bunches. The increase of blue 
grama and other grasses varied from season to season 
depending primarily upon amount of precipitation 
but also upon competition with weeds for light and 
water wherever they occurred (Fig. 118). 

Where the cover of vegetation was dense, seed had 
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Seedling grasses and stolons of buffalo 
grass becoming established between old bunches of short 
grass near Colby, Kan., in 1942. 


Fig. 118. 


difficulty in contacting the soil. In fact, it often did 
not reach the soil surface but instead was held above 
it. Moreover, growth of the seedling grasses was 
retarded by excessive shade. Tillering of blue grama 
and other established plants did not occur nor did 
the bunches spread where light was greatly reduced. 
The centers of large bunches sometimes died for lack 
of sufficient light where there was much shade from 
weeds and accumulated debris. Under such conditions 
stolons of buffalo grass also had difficulty or were 
unsuccessful in contacting the soil; nor did they 
grow well in deep shade. In many ranges in Kansas, 
the heavy growth of grasses and weeds in 1942 and 
their moderate utilization in grazing resulted in a 
somewhat reduced cover the next year. During this 
wet year blue grama reached a height of 12 to 18 
inches and the foliage spread 4 to 8 inches beyond 
the periphery of the base of the clump. On favorable 
years where the short grasses were mixed in a good 
stand (as in 1942-43) and to a lesser extent when 
buffalo grass alone dominated, the shade was so dense 
that the seedlings, young tillers, and new stolons were 
reduced in amount as a result. This largely ac- 
counted for the bare spaces betwen the bunches of 
the new stand. 


Buchloe Dactyloides 

Buffalo grass was somewhat less drought resistant 
than blue grama and was also somewhat more easily 
smothered by dust. On rolling land, it showed a 
decided preference for lower slopes, depressions, and 
ravines; blue grama often dominating the steeper 
slopes except under intensive grazing. Blue grama 
was taller, and the foliage was denser. Thus, it held 
the wind-blown dust above the soil somewhat better 
than did buffalo grass, nor did the dust. beeome com- 
pacted so readily about its base. 

Despite these facts buffalo grass was sometimes 
found on ranges where there was no blue grama, and 
not infrequently it equalled blue grama in importance 
or was even more abundant at the end of the drought. 
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While much buffalo remained in relict tufts 
and small patches, an abundant crop of seedlings was 
also produced on good years, especially after 1940. 
The seed had been widely distributed over the surface 
of the soil and it was not quickly germinated by 
local showers. Several days with continuously moist 
surface soil—an infrequent occurrence during drought 
—are needed for germination. 

But after good crops of seeds and abundant seed- 
lings were common, as many as 11 seedlings of 
buffalo grass alone were counted on a single square 
foot in several Colorado ranges. The facts that this 
was late in August and that soil was well moist 
assured establishment and consequent pasture im- 
provement. The spotted occurrence of buffalo grass 
in thousands of overgrazed ranges may be accounted 
for by a comomn method of seed dissemination. 
Jattle eat the foliage and seed hidden in it. The 
seed is not digested but deposited unharmed in a 
good substratum for growth. Seed of buffalo grass 
is also spread by rodents. Once the seedlings are 
established, spread by stolons is rapid. 

-astures in the northern half of western Kansas 
recovered more rapidly in 1941-42 than did many in 
Colorado, or those anywhere toward the dust bowl. 
In a large measure this was due to the greater 
amount and more uniform distribution of buffalo 
grass. Examples are numerous. Near Jennings, 
Kansas, where there was relatively little blue grama, 
the cover of buffalo grass in 1942 was rather uni- 
formly 90 per cent or more. Near Colby, Kansas, 
buffalo grass increased fourfo!d in 1942. The result- 
ing short grass cover was 90 per cent buffalo grass 
and 5 per cent blue grama. In fact, where a good 
cover was established in western Kansas, where most 
of the ranges were still greatly denuded by 1943, the 
major component was nearly always buffalo grass. 
Conversely, the blue grama pastures, where much less 
buffalo grass occurred, as about Limon, Last Chanee, 
and Anton, Colorado, appeared in 1943 to have a 
much heavier cover than actually existed, because of 
the widely spreading foliage of the almost uniformly 
new stand of blue grama. But the interspaces con- 
sisted mostly of bare or poorly mulched soil. 

When the dense mats of buffalo grass covered the 
soil, they soon became free of weeds and other grasses, 
except blue grama. The depth of ungrazed mats of 
short grasses should be emphasized. In 1943 un- 
grazed ranges had a more or less continuous cover of 
short grass 8 inches in depth with 3 inches of dead 
debris. When buffalo sod covered the soil 
about the bases of annual weeds they first became 
much dwarfed. The next season they were kept out 
because the seed either did not reach the soil or the 
soil was too dry or too much shaded for their growth. 
Near Broken Bow, Nebraska, plants of Leptilon can- 
adense were 15 to 18 inches tall in openings in the 
short-grass sod, but only 7 to 10 inches high where 
the grass grew close to them. Elsewhere, much short 
grass was matted about last year’s old stems but new 
ones had failed to develop. Vernonia baldwini, Ver- 
bena stricta, and Ambrosia psilostachya were always 


grass 





grass 
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much smaller, fewer, or entirely absent in a dense 
sod. For example, in open soil plants of Verbena 
had 7 to 12 stems and were 40 inches tall. In an 
open sod there were 4 to 7 stems 27 inches in height, 
but in a new, closed, dense sod only 1 to 4 weak 
stems 18 inches in length were produced. 

The intermingling of buffalo grass with blue grama 
has been studied with great interest. Alternating 
patches of the two grasses were often well estab- 
lished before this occurred (Figs. 119 and 120). At 
first the stolons spread between and among the 
bunches. This resulted in a denser sod. But since 
the established bunches of blue grama greatly over- 
topped the mats of buffalo grass, the cover appeared 
very irregular (Figs. 121 and 122). Later the buffalo 
very close to the bunches and even 


grass Vy 
spread its stolons through them. As a result blue 


grew 


grama tillered less and lost in part its bunchy appear- 
Its growth was also less rank because of in- 


ance. 





Fic. 119. Alternating patches of blue grama (taller), 
mostly with flower stalks, and low mats of buffalo grass 
in a range near Goodland, Kan. There was very little 
intermixing of the species by 1942. 





Two lots of bunches of recovering but still 
open stands of blue grama and mat of buffalo grass that 


Fig. 120. 


Thus far, July, 1943, 


has filled the space between them. 
Near Norton, 


there has been very little intermixing. 
Kan. 
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Fig. 121. Prairie near Phillipsburg, Kan., showing 
large relict bunches of blue grama with buffalo grass 
filling in closely around them. July, 1943. 





Fic. 122. The last stage of the subsere near Good- 
land, Kan. All the soil around the large bunches of 
blue grama has been occupied recently by buffalo grass, 
hence the irregular appearance of the cover. 





Uniform cover, about 7 inches deep, of 
mixed short grasses under light grazing. This range 
near Phillipsburg, Kan., had always been well kept and 
although the cover was much opened by drought, it was 
repaired quickly and the grasses were well intermixed 


Fie. 123. 


by August, 1942. The basal cover is 80 per cent and 
the ratio of blue grama to buffalo grass is about 1 to 4. 
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creased competition. Thus, the cover became much 
denser—often 95 per cent or more—and quite uni- 
form in height, especially under grazing (Fig. 123). 
Other species were mostly excluded where the sod 
was densest, but openings permitted the usual scat- 
tered growth of wiregrasses, squirreltail, and side- 
oats grama. 

The usual equal sharing of the basal area by the 
short grasses, which before drought appeared to be 
quite general over the area, now seldom occurred. 
But since blue grama is a more stable species than 
buffalo grass it will probably gradually increase its 
part in the mixture especially with recurrent drought. 
Indeed, the writers look forward to a somewhat equal 
mixing by adjustments under protection or moderate 
grazing because of the greater stability of blue grama, 
even without the occurrence of severe drought cycles. 

Interrelations of the short grasses to cactus, espe- 
cially the opuntias which form large clumps, are of 
interest and importance. During the years of desic- 
cation when cactus increased so greatly, it furnished 
a haven for relict blue grama. It could not be grazed 
and consequently afforded oases for seed production. 
With the return of a more favorable environment for 
the enemies of cactus, their death began. This was 
in 1940, but their greatest destruction occurred in 
1941-42. Since the more drought resistant blue grama 
was often the sole survivor in or near the place where 
the cactus had grown, the ratio of this species to 
buffalo grass was often higher in soil formerly occu- 
pied by the cactus. The new area for occupation 
was populated both by seedlings of blue grama and 
by the fragmentation of old crowns already estab- 
lished. The small bared areas were, for a time, partly 
occupied also by a dense cover of six-weeks fescue or 
other (usually small) annuals. Moreover, the abun- 
dant seedling cacti became established not in the nor- 
mal mixed cover of the two short grasses, but after 
drought had usually killed most of the buffalo grass, 
but only thinned blue grama. Hence, the new 
clumps gave refuge only to blue grama for a long 
time. Also where relict bunches of cacti remained 
they increased their area by encroaching upon soil 
mostly free from buffalo grass. But sometimes one 
found places where buffalo grass alone had invaded 
the bared spots in the absence of blue grama. Buffalo 
grass, if present, later intermingled with the blue 
grama and then these irregular patches in the sod 
became smoothed out into the low, monotonous short 
grass cover and no trace of disturbance was evident. 

A transition from buffalo grass to other grassland 
types occurred in buffalo wallows. These are shal- 
low, normally wet depressions varying from a few 
square yards to several acres in area and scattered 
irregularly throughout the level or undulating plains. 
They are not to be confused with textural spots where 
the soils have, by silting, become highly impermeable 
to water. In these spots short grasses did poorly 
when they were submerged, often for weeks at a time, 
during and following heavy rains. But when sum- 
mer drought came, the soil in drying shrunk and 
eracked deeply. This not only tore the roots but left 
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deep openings, often an inch in width, and thus ex- 
posed the deeper soil to further drying. Hence, these 
spots always bore an open type of vegetation. Buf- 
falo wallows were so wet before the drought that 
they were inhabited mostly by tall and mid grasses. 
Of these big bluestem, side-oats grama, wild rye, 
western wheat grass, and wiregrass were common. 
Because of the shade, buffalo grass grew but thinly 
in and around the edges of the wallow. But during 
the drought, it formed almost a continuous carpet 
with only remnants of the taller grasses and coarse 
forbs. With inereased intensity and duration of 
drought, nearly all other species remained only as 
relicts, often only as dormant rhizomes or rooterowns 
in the soil. Thus freed from competition by drought 
(or by close grazing) the short grass completely con- 
trolled the area (Fig. 124). 





An old buffalo wallow 2 miles east of Bird 
The 


bottom is covered with a continuous stand of pure buf- 


Fig. 124. 
City, Kan., showing conditions in August, 1942. 


falo grass. The patchy nature of the cover is due to 
irregular grazing. The view of this circular depression 
includes about two-thirds of its entire area. The wal- 
low is entirely surrounded by a narrow zone of wheat 
grass (dark) growing on the banks which are 2 to 3 
feet high; light-colored wire grass beyond. 
Bouteloua Curtipendula 

Side-oats grama, not yet discussed but occurring 
in the mixed prairie climax, was commonly found on 
steep slopes, catsteps, and elsewhere on the midwest- 
ern range. It has been of rather small importance 
since the drought, except in the more easterly part 
and on rough land. But little occurred in the drier 
ranges near and in the dust bowl, and many miles 
have been traversed on the level uplands of Colorado 
without finding this grass, exeept in very favored 
places. But it was represented at least throughout 
the region and may return again in considerable 
amounts. It is drought resistant, a prolific seeder, 
and forms a distinct side-oats type on the “breaks” 
about streams (Fig. 125). 


RECOVERY OF POSTCLIMAX VEGETATION? 


In the big bluestem type on the lower slopes and 
in ravines where Andropogon furcatus was the chief 


* These data are mostly from Hays, Kansas, but they are 
representative of changes elsewhere. 
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Fic. 125, Typical broken sod on a steep hillside near 
Last Chance, Colo. The slope is irregular and contains 
many small nearly level depressions into which the water 
infiltrates. Often they appear as miniature terraces. 
On this ‘‘catstep’’ type of land, of which there are 
many thousands of acres, side-oats grama is often 
common. 


dominant, the total cover of grass was not signifi- 
cantly decreased by drought. It was merely changed 
in composition. Large areas of big bluestem were 
almost entirely replaced by wheat 
dropseed (Sporobolus asper hookeri), side-oats grama, 
and even by buffalo grass and blue grama. At the 
end of the drought the abundance of big bluestem 
was often only one-fifth normal (ef. Figs. 126 and 
127). 


western 


grass, 





Fig. 126. 


Ungrazed postclimax range in bluestem type 
on northwest slope of a steep hill at McCook, Neb., in 


August, 1939. Chief grasses are Andropogon furcatus, 
A. scoparius, and Bouteloua curtipendula, Vegetation is 
typical of many similar north-facing slopes on hilly land. 


That the sod had been opened in places was shown 
by the presence of weeds, even in ungrazed prairie, 
during the following years of good rainfall. In places 
Helianthus annuus, album, Leptilon 
canadense, Chamaesyce marginata, and Ambrosia tri- 


Chenopodium 
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fida overtopped the grasses. Despite this fact, by 1943 
the former predrought cover of grass had been nearly 
regained. Andropogon furcatus again composed 80 
per cent of the vegetation, and small relict patches 
of Panicum virgatum were common. Sporobolus 
asper hookeri was much thinned, and Sorghastrum 
nutans was again frequent. It and big bluestem had 
returned almost entirely from renewed growth of 
dormant rhizomes. Both wheat grass and side-oats 
grama had been largely replaced by big bluestem, in 
fact only a little side-oats grama remained. The 
thicker cover had also shaded out all but remnants 
of the short grasses. Tall, coarse forbs such as 
Solidago mollis, Psoralea tenuiflora, Kuhnia gluti- 
nosa, and Salvia pitcheri were common. 





same area showing 
upper and lower belts of bluestems (dark) as in Figure 


Fig. 127. Northwest slope in 


126. The level hilltop had been broken. The dark 
fringe at the edge of the field is Russian thistles. The 
light area on the gentle slope half way up the hill had 
been so thickly covered with dust, blown from the field, 
that the grasses were smothered. The light tone is due 
to a dense growth of lamb’s quarters. 


Ravines in pastures where this type prevailed were 
clothed, before drought, with Andropogon furcatus, 
Sorghastrum nutans, Panicum virgatum, Agropyron 
smithii, and Bouteloua curtipendula. Bouteloua gra- 
cilis and Buchloe dactyloides also occurred in small 
amounts, but they, like Agropyron smithii and in 
fact most of Bouteloua curtipendula, were largely 
limited to the more open places on the sides of the 
ravines. But with drought the cover of tall grasses 
became open and short grasses and wheat grass be- 
came abundant in it. Changes continued under per- 
sistant drought and grazing. By 1940 there was a 
good understory of short grasses overtopped mostly 
by western wheat grass and by small amounts of 
side-oats grama. But the normal or above normal 
precipitation permitted a return of the former grasses. 
The short grasses both decreased in amount and side- 
oats grama became much less abundant. 

In the little bluestem type, Andropogon scoparius 
on the steep hillsides was greatly reduced, being re- 
placed chiefly by side-oats grama and blue grama. 
At the end of the drought period, only occasional 
bunches of little bluestem could be found even on 
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north-facing slopes or in depressions on the hillsides 
where runoff water accumulated. The reduction was 
from about 45 per cent of the vegetation to only 1 
per cent. 

After the good rains came, old crowns, apparently 
dead, began to show signs of life. From the periph- 
ery of some crowns a few feeble shoots developed. 
It then became clear that the extent of the loss was 
dependent upon competition for water by other plants 
as well as exposure to drought. In the open-bunch 
type common to knolls, losses were least. But on the 
hillsides where other grass had been abundant, losses 
were almost complete. By decay and in producing 
new shoots from the periphery, many of the old 
bluestem crowns lost their original form, several 
small bunches occupying the former position of the 
old one. Thus, the hillsides in 1943 were dotted with 
clumps of little bluestem. They were most abundant 
on the knolls (Fig. 128). 





Regeneration of little bluestem on rocky 
outcrops at Hays, Kan., September, 1943. 


Fig. 128. 


On the hillsides side-oats grama still retained first 
place among the grasses. It was intimately asso- 
ciated with the relict little bluestem. It appears 
clearly now that side-oats grama dominated this habi- 
tat during dry cycles but little bluestem during moist 
ones. In drought, both big bluestem and tall panic 
grass, which occurred throughout but were more 
abundant on lower slopes, became very inconspicuous 
and seemed to have disappeared. They did suffer 
heavy losses but returned slowly from long-dormant 
underground parts. 

The more xeric portions of the hillsides formerly 
covered with the little bluestem type were now occu- 
pied by Bouteloua gracilis, B. hirsuta, and Sporobolus 
pilosus. They were reproducing rapidly by seedlings. 
Here wiregrass also occurred sparingly. On the 
upper side buffalo grass was invading. Patches 4 to 
8 feet in width were scattered among the other 
grasses. It will probably continue to spread down 
the slopes until a closed cover of the taller species 
is developed. Then the buffalo grass will probably 
remain only as a relict in the dense shade and debris 
or wholly disappear. For side-oats grama was rap- 
idly thickening its stand both by establishing new 
bunches from seedlings and from rhizomes, 2 to 3 
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inches long, which radiated outward from the older 
bunches. Actually side-oats grama was very abun- 
dant about 1938 after the death of the two bluestems 
and tall panic grass. But after 1939 blue grama, 
hairy grama, and hairy dropseed spread widely after 
side-oats grama lost heavily. It’ seems probable 
should a moist cycle recur, that the bluestems will 
constitute the bulk of the postdrought vegetation, 
and thus complete an entire cycle of vegetative 
change. 


RECOVERY AS EXPRESSED IN YIELD 


Increase in dry weight is a good measure of growth 
and consequently of recovery of vegetation from 
drought as well. Stockmen, range examiners, and 
others were much interested in the relative productiv- 
ity of the several types of vegetation during drought. 
To ascertain yields, barbed wire exclosures were 
placed on representative areas of each type—short 
grasses, little bluestem, and big bluestem—early in 
1940, and 20 meter quadrats were staked out in each 
exclosure. These were all in the college pasture, an 
area of 750 acres just west of Hays, Kansas. Con- 
sequently they had been subjected to the same mod- 
erate degree of grazing. The vegetation was charted 
and clipped at a half-inch in height at the end of 
each year. The forage was divided into short grasses, 
mid and tall grasses, native forbs, and weeds. Yields 
were obtained not only during the last year of 
drought but also throughout the three years of re- 
covery (Table 18). 


















































TABLE 18. Average per cent basal cover and yield of 
vegetation in pounds per acre from different types of 
pastures at Hays, Kansas. 

| | § [3 | | 
. 3 a — a | | 
Grazing $e EL 2 | Se Ex | 7 er ae ee 
te fg | Be) 85) 28) 2S] 58/98 s3| 3 
|: |} a2 fs | at 53 Sé|eé se] 2 
~ |<8/88 | ak mo | Aw) ew) Ze = 
| 1940|22.9/ 20 | 538].....]..... | 538} 5 | 433 
Short grass | 1941 | 28.1] 43 ERAS Saree | 890 . 12,085 
(moderately | 1942 | 29.6| 84 |1,650)..... 11,650)..... 1,400 
grazed) 1943 | 16.2| 85 | 672| 0.2 3) 675) 128 59 
1940| 22.9] 2 110} 0.2) 23) 133| .|2,277 
Short grass | 1941 | 28.1] 22 /1,092) 14.5 |1,455/2,547| 597 
(overgrazed) | 1942 29.6) 31 | 635) 16.6 | ,877|2,512| 30 286 
1943 | 16.2} 30 | 458) 17.0 | 23] 481] -+-]1,039 
ee | cee | eee | eeeeemremees | eee | cee | ee | ————— EEE 
11940|22.9|.....]..... | 9.5] 915] 915] bs ica 
Little 1941 | 28.1]..... 16} 32.0| 635) 651| 121 
bluestem 1942 | 29.6|.....|.....] 38.0] 824) 824] 134 
1943 | 16.2].....]. 38.4| 322) 322] 97 
1940 | 22.9} 30 |1,638} 3.0| 187|1,825| 109 |1,127 
Big 1941] 28.1] 82 |2,762| 2.7] 675|3,437| 140 |1,448 
bluestem 1942 | 29.6] 96 |3,896| 2.2] 483/4,379| 201 | 145 
| 1943/ 16.2] 91 hae 1.6 | 330)1,671 298 65 
| | | 











10f short grasses. 2Of mid grasses. 


In the moderately grazed short-grass type, yields 
of both grasses and weeds were very low in 1940. 
Yield of grasses increased considerably in 1941, but 
the grasses were undoubtedly greatly handicapped in 
growth by the ton of weeds (mostly little barley) 
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produced during this year with open perennial cover 
but good precipitation. The next year the yield of 
short grasses was doubled but that of weeds much 
decreased. Precipitation was much lighter in 1943. 
Yield was reduced to only a little more than that in 
1940, despite a basal cover of 85 per cent compared 
with 20 per cent three years earlier. This illustrates 
the fact that drought reduces yields first and basal 
area much later. Few weeds grew in the dense cover 
of perennial grass. The appearance of taller grasses 
(3 lbs.) and of forbs (128 lbs.) was evidence of the 
trend toward general recovery, despite low seasonal 
yields. 

In the overgrazed short-grass pasture, which ad- 
joined the large one, there was a greater proportion 
of buffalo grass than blue grama, and some relict 
taller grasses. Yield of perennial grasses, 133 lbs. 
per acre, was extremely low, but more than a ton of 
weeds, mostly little barley, was produced. A quick 
recovery the next year increased the yield of short 
grasses tenfold. The recovery of taller grasses was 
so great that the total yield was 1.27 tons per acre. 
Conversely, weeds were relatively few. The heavy 
yield of taller grasses in 1942 resulted in a great de- 
crease in production of short ones. Total yield was 
about the same as the preceding year. Weeds were 
even further reduced. It is of interest that in the 
drier year of 1943 yield of the taller grasses was 
reduced almost 99 per cent, but yield of short grasses 
only 28 per cent. The inevitable increase of weeds 
with moderate drought is revealed in the half ton of 
them produced per acre. 

The yield in the little bluestem type was nearly all 
from side-oats grama. This grass was greatly weak- 
ened by the 1939-40 drought and responded poorly 
to clipping. Despite a good increase in basal cover 
(from 9.5 to 32 per cent), the yield during the see- 
ond year was low. It was only slightly greater (824 
Ibs. per acre) in 1942, and decreased to 322 Ibs. dur- 
ing 1943. It well illustrates the harmful effect of 
removing the cover from a very open stand of vege- 
tation even at the end of the growing season. Here 
the rocky, shallow soil common to this grassland type 
seems to be unfavorable to the growth of annual 
weeds. Only a small fraction of a pound was har- 
vested on any year. The reappearance of native 
forbs is of interest. 

The large amount of short grasses in the big blue- 
stem type resulted from the opening of the cover by 
drought and its annual removal in clipping. The 
small yield of big bluestem and other taller grasses 
(187 lbs.) in 1940 is more of an index of their deep 
dormancy than their absence. Short grass yielded 
about three-fourths ton per acre and weeds about 
one-half ton of dry matter. In 1941 yield of taller 
grasses was much more, proportionately, than that 
of the shorter ones. Total yield of grass was about 
1.75 tons per acre and weeds added another .73 ton, 
for they were mostly tall and had also profited by 
the increased water supply. Why yields of taller 


grasses decreased in 1942, unless due to close clip- 
ping, is not clear. 


The short grasses inereased 29 
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per cent over the preceding season’s yield. Produc- 
tion of weeds greatly declined. By 1943 the taller 
grasses (although the yield was greatly reduced be- 
cause of drought) had begun to shade the short 
grasses too much for their best growth. Their yield 
decreased to about one-third that of the preceding 
year. Yield of native forbs increased steadily year 
by year but ruderals had been nearly crowded out. 
Summarizing, after two years of good rainfall, 
production of native grasses in the several types in- 
ereased as follows: overgrazed short-grass type from 
133 to 2,512 pounds per acre, or nineteenfold; and 
moderately grazed short-grass type from 538 to 1,650 
pounds per acre, or threefold. Production in the 
little bluestem type decreased from 915 to 824 pounds 
per acre, a loss of 9.9 per cent; but it increased 2.4- 
fold in the big bluestem type, where a yield of 1,825 
pounds per acre was replaced by one of 4,379 pounds. 


RETURN OF FORBS 

A study of grassland always involves a considera- 
tion of forbs. They constitute an important part of 
prairie vegetation as was pointed out by Weaver and 
Albertson in 1943. Thornton (1936) states that: “It 
seems likely that the evolution and spread of nodule- 
bearing legumes played a vital part in the geological 
history of the world in Tertiary times. Their spread 
and the consequent improvement in soil fertility and 
in the feeding value of the vegetation may well have 
contributed to the rapid evolution of mammals in 
the earlier Tertiary, while the herbaceous legumes in 
particular probably assisted the worldwide spread of 
grassland in the Miocene which resulted in the devel- 
opment of many of the modern groups of mammals.” 

During the great drought, the red false mallow 
(Malvastrum coccineum) was the only generally dis- 
tributed, native, non-grassy species, aside from ecac- 
tus, that increased in mixed prairie. It did this by 
vegetative propagation of underground parts when 
competition with the grasses was so greatly reduced. 
It thus increased in numbers manyfold. Its early 
growth in spring and its habit of semidormancy dur- 
ing drought enabled it to endure. A group of forbs 
which suffered great losses but were never completely 
exterminated included Psoralea tenuiflora, Sideran- 
thus spinulosus, Lygodesmia juncea, Cirsium undu- 
latum, C. ochrocentrum, Gawra coccinea, Solidago 
mollis, Kuhnia glutinosa, Allionia linearis, and Liatris 
punctata. But even these most xerie forbs became 
almost rare in 1939-40. 

Following periods of good rainfall these forbs be- 
gan to increase not only in numbers but in stature 
as well. With some this increase was from rhizomes; 
sometimes it was from seed from relict plants; but 
perhaps more frequently from seed that had lain dor- 
mant in the soil since the beginning of drought. The 
spread of Solidago mollis and Cirsium undulatum 
furnished representative examples of increase by 
rhizomes (Fig. 129). Conversely, old plants of 
Sideranthus spinulosus have been found surrounded 
by offspring from recently produced seed. In badly 
broken prairie cover, fifty to one hundred young 
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seedlings were found within a radius of two feet 
from the parent plant. Psoralea tenuiflora served 
as the best example of increase from seed that had 
lain on or in the soil for seven or more years. This 
legume was greatly reduced in numbers early in 
drought even where the original cover was fairly well 
maintained. It rarely blossomed and probably never 
produced viable seed during the long dry period. 
Psoralea is returning only slowly. 





Fig. 129. 
Solidago mollis (left) and S. glaberrima (right). 


(Upper) Underground stems and tops of 
Both 
goldenrods decreased greatly during the dry cycle but 
are now reappearing, mostly from long-dormant rhizomes. 
(Lower) Stems of western ragweed (Ambrosia psilo- 
stachya) attached to a long rhizome. 


Most of the native forbs in climax grassland were 
unable to withstand the extreme drought and conse- 
quently disappeared from the cover. Among these 
were Lepachys columnifera, Astragalus mollissimus, 
Specularia perfoliata, and S. leptocarpa, but there 
were many others. When the soil was again rather 
continuously moist at the end of the drought, myriads 
of seeds of these species, which had lain dormant for 
many years, germinated. Then the openings in the 
prairie sod were densely populated with the seedlings 
of many forbs. Foremost among them were Lepachys 
columnifera (Fig. 130). During the spring of both 
1940 and 1941 as many as twelve seedlings were reg- 
ularly found per square meter in places where it was 
formerly abundant. There is thus great irregularity 
and sporadic distribution of many forbs rather than 
their more general and sparser occurrence. This 
maintained even where the cover of grasses was nearly 
complete (Fig. 131). 

Among the species which disappeared early was 
Gutierrezia sarothrae which because of its extreme 
abundance and unpalatable nature became a chief 
indicator of overgrazing and its concomitant evils. 
It entirely disappeared during drought. In fact, it 
succumbed rather early and like most such species 
it returned promptly and often in great abundance 
(Fig. 132). Many forbs were first observed after 
drought on north hillsides, in depressions, and in other 
favorable refuges, from which they are now extend- 
ing their range. 
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Return of Ambrosia psilostachya has been confined 
largely to the eastern and more moist portion of 
mixed prairie. New plants came from seed and new 
stems from rhizomes. The plants were often scat- 
tered but were also frequently densely aggregated 
where numerous old rhizomes had remained alive 
(Fig. 133). 

Distribution of the more important forbs of true 
and mixed prairie before the drought (since many 
ranged throughout) and their fate during the drought 
were shown schematically at the end of 1940 (Weaver 
& Albertson 1943). Reeovery has not yet progressed 


far enough to complete this diagram, hence the chief 





Fig. 130. A well developed coneflower (Lepachys 
columnifera) from a depleted short-grass range. This 
species was very conspicuous in many ranges in 1943, 
nearly all plants having originated from postdrought 
seedlings. 





Fig. 131. 
Anton, Colo. 
(mostly blue grama) and the searcity of forbs. 
July, 1943. 


Note the good recovery of the short grasses 
Photo 
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species are here grouped to indicate the degree of 
their recovery at the end of 1943. 


Marked Recovery 


Ambrosia psilostachya Psoralea tenuiflora 


Gutierrezia sarothrae 
Lepachys columnifera 


Sideranthus spinulosus 


Partial Recovery 


Achillea occidentalis 
Allionia linearis 

Amorpha canescens 
Anemone caroliniana 


Grindelia squarrosa 
Hymenopappus corymbosus 
Kuhnia glutinosa 

Liatris punctata 


Cirsium ochrocentrum in a large range near 


Linum compactum 
Meriolix serrulata 
Oxytropis lambertii 
Pentstemon albidus 
Senecio plattensis 
Sophora sericea 
Solidago glaberrima 
Solidago mollis 
Thelesperma gracile 


Asclepias pumila 
Astragalus crassicarpus 

Astragalus missouriensis 
Astragalus mollissimus 
Astragalus shortianus 
Cirsium ochrocentrum 
Cirsium undulatum 
Delphinium virescens 
Erigeron ramosus 
Gaura coccinea 


No Recovery 

Lygodesmia juncea 
Parosela enneandra 
Phellopterus montanus 
Psoralea cuspidata 
Psoralea esculenta 
Stenosiphon linifolius 


Allium nuttallii 
Antennaria campestris 
Aster multiflorus 

Cheirinia aspera 

Galpinsia lavandulaefolia 
Lithospermum linearifolium 


With the return of more mesic conditions and a 
much extended cover of grasses, Malvastrum cocci- 
newm decreased in numbers and regained more nearly 
its predrought abundance. 

Cactus constitutes a definite portion of the vegeta- 
tion of mixed prairie. It was represented principally 
by various species of Opuntia, and was generally 
most abundant on level or rolling land with clay 
loams or other heavy types of soil. Cactus increased 
greatly in abundance during the long cycle of drought, 
but decreased in a remarkable degree during the four 
years with more than normal precipitation (Fig. 
134) (Costello 1941). Its inerease during drought 
was attributed primarily to little or no competition 
with a greatly depleted plant cover but also to the 
aridity of the atmosphere which was unfavorable to 
the development of insects which tend to destroy it. 
Especially damaging were the larvae of a moth 
(Melitara dentata) which consumed the pulp inside 
the stems (Cook 1942). 





Return of Gutierrezia sarothrae from seed 


Fig. 132. 
stored in or on the soil of an overgrazed range near 
Rush Center, Kan., in August, 1943. The osage orange 
(Maclura pomifera) in background had suffered a loss 
of 98 per cent. 
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Fig. 133. College pasture near Hays, Kan., with short 
grasses and (dark) patches of western ragweed (Am- 
brosia psilostachya). August, 1942. This weed disap- 
peared completely during drought but returned promptly 
and in abundance from dormant rhizomes. 


-asture near Ellis, Kan., in July, 
1939, showing abundance of cactus in overgrazed short 


Fig. 134. (Upper) 


grass. (Lower) Same view late in May, 1943. Insects 
have killed practically all of the cactus; only small frag- 
ments remain. 


Opuntia humifusa and O. macrorrhiza were the 
dominant species in prairies of western Kansas; 0. 
polyacantha was most abundant on the plains of 


eastern Colorado. The transition from abundance of 
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one species to the other, of course, is gradual. All 
but the last depend almost entirely upon seed for 
propagation. Seed is often carried by rabbits and 
rodents. When green foliage is searee, rabbits feed 
upon the succulent fruits containing the mature seed. 
These pass unharmed through the digestive tract and 
are frequently deposited at considerable distances 
from the parent plant. Sometimes rodents bury 
large quantities of cactus seed, some of which may 
never be eaten but may germinate under favorable 
conditions of moisture and temperature (Timmons & 
Wenger 1940). Moreover, it is not uncommon for 
branches of cactus to be broken from the plant and 
earried for a distance on the hoofs of cattle. The 
pieces readily produce roots when in close contact 
with moist soil. In this way new plants are produced 
vegetatively. 

Opuntia polyacantha propagates widely by root- 
sprouts (Harvey 1936). Numerous plants were often 
found originating in this manner (Fig. 135). These 
small plants develop rapidly and in only a few years 
produce a large clump one or more feet in diameter. 
Sometimes several plants coalesce to form an enor- 
mous clump 8 to 12 feet in diameter. Some have 
been found which formed a continuous mat of 
branches for a distance of 30 feet. 





(Upper) Young plants of Opuntia poly- 
(Lower) 
Roots of this Opuntia showing numerous young stems. 


Fie. 135. 
acantha arising from roots of parent plant. 


Increase in number and size of plants continued 
from 1933 until 1940. The plants were often so 
dense that not only were some ranges entirely worth- 
less for grazing, but even jackrabbits avoided them. 
Cactus sometimes grew so thickly that it was impos- 
sible for livestock to lie down on the range without 
coming in contact with this spiny plant (Costello 
1941, Turner & Costello 1942). 

A significant ecological relationship existed between 
cactus and other native prairie species, both plant 
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and animal. 
species otherwise, contained abundant clumps of eac- 
tus and well developed native grasses growing in or 
protected by the clumps but extending above them. 
These relict grasses produced seed during periods of 
favorable soil moisture. The cactus harbored various 
kinds of prairie rodents. 

Increased moisture at the the 
drought was conducive to a dense growth of vegeta- 
tion. This competed with the cactus for soil water 
and light and also by transpiration increased the 
humidity. With inereased precipitation it also fur- 
nished a favorable environment for insects injurious 
to the cactus. Vast numbers of these plants were 
found greatly injured or dead as a result of insect 
attacks (Fig. 136). Their place was soon taken by 
the grass. Usually, however, relict cacti remained, 
but the general population was greatly reduced, 
somewhat to the proportions in which it oecurred 
before the dry eyele. 


Many ranges, almost devoid of native 


soil close of 





Fig. 136. 
ing as a result of insect attack. 
1939. 


A cactus (Opuntia macrorrhiza) that is dy- 
Meade, Kan., August, 


The present lack of abundance of forbs both in 
species and numbers may be illustrated by the results 
of field investigation in two sections of the area. On 
a week’s field trip in 1943 from Phillipsburg, Kan- 
sas, to Limon, Colorado, but including much adjacent 
territory, all species found in 19 ranges were listed 
and each was given its ranking in each range. The 
ratings were (1) very abundant, (2) abundant, (3) 
common, (4) infrequent, and (5) rare. The average 
number of species of perennial native forbs (inelud- 
ing cactus) per range was 16. The smallest number 
of species was 5; no range had more than 28. Only 
5 per cent were very abundant. They were Malvas- 
trum coccineum at 11 stations, Opuntia spp. at 2, and 
three other species at a single station each. Four 
per cent ranked as abundant, but each of the 7 spe- 
cies concerned was abundant at only one or two sta- 
rarely three (Psoralea tenuiflora and Gaura 
coccinea). Another 11 per cent ranked as common, 
20 per cent as infrequent, and 60 per cent as rare. 


tions, 
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Thus, four-fifths of the forb population was. still 
infrequent or rare. But compared with the census in 
1939-40, forbs showed an excellent recovery. 

On a second trip in August, 1943, the forbs in 25 
ranges in west-central and southwestern Kansas and 
adjacent Colorado were studied. 
8 species of native perennial forbs per station was 
found. The highest number per range was 11 to 16 
(in seven ranges), but only 2 to 4 species were found 
in each of eight others. Only 13 per cent of the 
total rankings were (1) very abundant. Here again 
Malvastrum coccineum was highest and Opuntia humi- 
fusa next; the other high ranking was once only for 
each of 12 species. Six per cent of the entries were 
in class 2, 20 in elass 3, 13 per cent were infrequent, 
and 48 rare. Thus, the forb population was even 
lower than northward and northwestward, and only 
the most drought resistant species or those of recent 
recovery were ever very abundant. But even here 
the student with a knowledge of previous conditions 
could note marked improvement. 


An average of only 


SUMMARY 

Recovery of vegetation of midwestern grasslands 
from the great drought (1933-40) has been studied 
during three years of sufficiently increased precipita- 
tion (1941-43) to promote the development of a good 
cover. 

The area includes the true prairie in southwestern 
Iowa, southern Nebraska, and northern Kansas, and 
the mixed prairie, with its short-grass disclimax, in 
southwestern Nebraska, western Kansas, and eastern 
Colorado. The investigation is a continuation of the 
study of 30 large typical prairies begun before the 
drought. It has now been extended over the region 
generally. 

Abnormally high precipitation wet the dry soil in 
1941-42 to a depth of 5 to 6 feet. A soil moisture 
reserve promoted fair to good growth in 1943, exeept 
in the southwest, despite summer deficiency in rainfall. 

Water content of soil at Hays, Kansas, and Lin- 
coln, Nebraska, is recorded week by week for the 
years 1939 to 1943, inclusive. Data are-also given 
for 2 other stations in true prairie and 2 in mixed 
prairie. 

Evaporation at Lincoln from a free water surface 
in 1942-43 was 13.6 and 10.4 inches lower than dur- 
ing 1939, when 53.8 inches of water were lost during 
the 6 summer months. Similar decreases at Hays 
were 13.2 and 15 inches below the average for 7 
vears of drought. 

Wind movement decreased greatly during the 
period of recovery. Dust storms were less frequent, 
more local, and much Temperatures 
were lower following drought. 

In true prairie, which is summarized first, rainfall 
in summer, 1934, was extremely low, soil moisture 
became unavailable to 4 feet in depth, and a terrific 
In 1935 it was found that losses 


less 


severe. 


heat wave occurred. 


of the plant cover west of the Missouri River were 
heavy, and increased southwestward to 80-90 per 
eent. 
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Certain native forbs spread rapidly and widely and 
persisted in enormous abundance for several years. 
Many ruderals became widely and thickly distributed. 

In 1935 six-weeks fescue (Festuca octoflora), blue 
grama (Bouteloua gracilis), and especially western 
wheatgrass (Agropyron smithii) increased greatly. 
Severe drought in 1936-37 resulted in great advantage 
to these grasses and buffalo grass (Buchloe dacty- 
loides), since they thrived while their competitors 
waned. 

Approximately normal precipitation in 1938 re- 
sulted in an excellent development of vegetation and 
the production of much seed. Wheat grass, blue 
grama, and buffalo grass continued their spread. Big 
bluestem (Andropogon furcatus), needle grass (Stipa 
spartea), and prairie dropseed (Sporobolus hetero- 
lepis) thickened their relict stands and increased 
greatly. 

Spring rainfall in 1939 and 1940 was followed by 
severe summer drought. Wheat grass waned in 1939 
in competition with an enormous stand of side-oats 
grama (Bouteloua curtipendula). Short grasses in- 
creased; most other vegetation suffered from severe 
desiccation. Great losses of prairie relicts and side- 
oats grama occurred in 1940, but wheat grass and 
short grasses took possession of entire prairies. They 
often intermingled and formed mixed prairie. 

Chief components of the subsere, aside from relict 
perennial grasses, were early annuals, long-lived 
native forbs, and ruderal forbs and grasses. Great 
alternes of closely seeded six-weeks fescue furnished 
protection to the soil throughout the drought. Chess 
(Bromus secalinus) and little barley (Hordeum pusil- 
lum) were also very abundant. Many-flowered aster 
(Aster multiflorus) developed a dense cover over hun- 
dreds of acres; it disappeared quickly before in- 
vading wheat grass but more slowly among other 
perennial grasses. Smooth goldenrod (Solidago gla- 
berrima) became a weed sometimes as widely spread 
as aster. Daisy fleabane (Erigeron ramosus) in- 
creased so greatly in so many prairies that it was a 
chief soil stabilizer throughout the drought. 

Chief among ruderal forbs was peppergrass (Le- 
pidium densiflorum) which spread like a scourge in 
1936-37 but almost vanished in 1938. Pursh’s plan- 
tain (Plantago purshii) and horseweed (Leptilon 
canadense) occurred abundantly in certain prairies, 
and lamb’s quarters (Chenopodium album), Russian 
thistle (Salsola pestifer), and rough pigweed (Am- 
aranthus retroflexus) often demarked ‘rich, loose soil. 

When the weedy native forbs had been suppressed 
by the increasing population of grasses, when the 
annual grasses and weeds had been mostly replaced 
by perennial grasses, and when the dominant species 
had replaced the former interstitial perennials, sev- 
eral very definite communities crystallized out of the 
heterogeneous drought populations. 

The needle grass type was reestablished from 
stands of this species which were greatly thinned 
early in the drought. It regained its original terri- 
tory and spread very widely into drought-opened 
adjacent soil. 
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Prairie dropseed, of minor importance in pre- 
drought years, recovered from extensive early losses 
and extended the area of its communities greatly. 

Western wheat grass spread by seed and appeared 
over a wide territory immediately following 1934; 
invasion was well advanced by 1938. It was favored 
by moist springs and dry summers, but often utilized 
all available moisture and thus caused dwarfing or 
death of most other vegetation. Relict bluestems 
were usually replaced by pure stands of wheat grass. 

Clipping experiments have shown that change 
from big bluestem to wheat grass is accompanied by 
a decrease in yield of nearly one-half on upland and 
two-thirds on low ground. 

Blue grama often survived where all other grasses 
died. It spread almost without interruption from 
1935 to 1942, and promptly thickened its stands. 
Buffalo grass, less abundant and more greatly harmed 
by drought than blue grama, increased greatly. 

A mixed prairie type was formed by the replace- 
ment of bluestems by western wheat grass and short 
grasses and the later intermingling of mid grass and 
short grasses. This began in 1938 and was completed 
in 1941. Invasion had ceased, since the remaining 
area was occupied by other vegetation, but not the 
intermixing of short grasses and wheat grass. 

The big bluestem type on upland resulted from the 
survival of this grass wherever the former little blue- 
stem type had lost its chief component, Andropogon 
scoparius. After heavy initial losses, big bluestem 
survived the drought in the bunch habit, but later, 
unless overwhelmed by wheat grass, spread to form 
a sod. Its stands on lowland were often greatly 
thinned, but it usually replaced its losses and reestab- 
lished the tall-grass type. 

A reliet big bluestem-little bluestem type resulted 
from modification of the predrought little bluestem 
consociation, but it covered relatively small areas. 
Usually much little bluestem had died and its place 
was taken by big bluestem. Some survived as dor- 
mant rooterowns. 

Mixed grasses formed a community of variable 
composition over considerable areas where widely 
scattered plants of different species recovered, re- 
seeded, or invaded at about the same time. Also, big 
bluestem spread widely or renewed growth from dor- 
mant rhizomes and formed mixtures with various 
other grasses. These species have merely completed 
the occupation of bared soil where no other types 
had gained control. The community is not climax. 

The present mosaic of grassland patterns is merely 
one phase of a long developmental process. In order 
of size of area occupied, the types in 1943 were mixed 
prairie, western wheat grass, big bluestem, needle 
grass, blue grama, prairie dropseed, relict big blue- 
stem-little bluestem, and mixed: grasses. 

Side-oats grama, June grass (Koeleria cristata), 
and several other grasses which were predrought 
interstitials beeame important seral dominants. Some 
were temporarily so abundant as to threaten the 
dominance of wheat grass and big bluestem, but all 
have again been reduced in amount. 
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Recovery was repeatedly delayed by losses on driest 
years offsetting gains made during the less dry ones. 
Methods of recovery of grasses were increase in size 
of relicts by tillering, production of rhizomes and 
stolons, breaking of dormancy in old rooterowns and 
underground parts, and production of abundant seed- 
lings. Breaking of dormaney occurred in some prai- 
ries after a single year of good rainfall and in nearly 
all in 1942-43. Little bluestem usually survived in a 
dormant state only in restricted places but for 5 to 
7 years. Big bluestem revived from dormancy even 
where wheat grass or blue grama had invaded and 
grown for several years. 

Seeds of western wheat grass, needle grass, blue 
grama, and a few other grasses produced seedling's 
that became established during years of less severe 
drought. Little bluestem and big bluestem produced 
no seed or seedlings or seeded only rarely until 1941. 
Seedlings were abundant in bare places in 1942-43, 
and plants only 2 to 3 years old were common in 
1943. 

Recovery was expressed by increase in numbers, 
vigor, and stature of plants, and by the resultant 
thickening of the stand and the exelusion of ruderals. 
It was also shown by reappearance of societies of 
forbs, reconstruction of a layered vegetation, accu- 
mulation of debris, and increased yield. 

Forb populations were not replaced during drought. 
Seedlings were rare until 1941-42. Many species 
grew, sometimes thickly, after a year or two of good 
precipitation from seeds that had been dormant 7 
years. Others came from long-dormant rooterowns, 
rhizomes, or roots. 

Postclimax vegetation developed remarkably fol- 
lowing drought. In ravines where big bluestem, 
Indian grass (Sorghastrum nutans), and tall panic 
grass (Panicum virgatum) apparently had been re- 
placed by wheat grass, they not infrequently reap- 
peared from rhizomes. In an experimental area big 
bluestem was suppressed by a thick growth of slough 
grass (Spartina pectinata) in 1943 which grew from 
dormant rhizomes. 

Yields on upland increased from 0.79 ton per acre 
in 1940 to 1.85 tons in 1941. Yield in 1943 was 2.15 
tons. 

Recovery in mixed prairie, where most of the area 
is range land, was delayed by overgrazing in some 
places and by understocking in others, but usually 
it was prompt. Major features of recovery were 
closely connected with the development of buffalo 
grass, blue grama, and sand dropseed (Sporobolus 
cryptandrus). Buffalo grass entirely disappeared 
from some ranges and in many remained alive only 
in the best watered places. But others retained 
small tufts or occasional patches. Blue grama was 
never killed so uniformly nor so completely over a 
wide area. Unless deeply buried by dust, some 
bunches nearly always remained. Sand dropseed was 
widely spread but it was sparse before the drought; 
it increased greatly during late drought and there- 
after. 

Rate of recovery varied widely depending upon 
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kind of predrought cover, degree of depletion, and 
kind of grass relicts at the end of drought. Other 
factors were amount of damage from burial by dust, 
intensity of grazing and trampling during recovery, 
and amount and distribution of local precipitation. 
Recovery was always slower where blue grama alone 
remained than where buffalo grass was intermixed 
with it or was the sole survivor. 

Increase in cover and change in its composition 
during recovery (1940-43) have been ascertained in 
ranges near Hays by means of chart quadrats. In 
wholly ungrazed ranges, with cattle excluded after 
1932, blue grama increased from 10 per cent to 22, 
but buffalo grass from 9 to 66. Under moderate 
grazing blue grama increased from 18 per cent to 22 
and buffalo grass from 8 to 53. In an overgrazed 
range increases in the same sequence were 7 to 15 
and 6 to 78 per cent. Such enormous gains some- 
times occurred at the expense of blue grama. 

An ungrazed cover of 89 per cent in the short- 
grass type in 1932 was reduced to 20 per cent by 
1940, but it was 90 per cent after 3 years of recovery. 
An overgrazed range with 80 per cent cover was 
reduced to one of 3 per cent, but owing to the won- 
derful recuperative powers of buffalo grass the cover 
was increased to about 93 per cent by 1943. 

Ungrazed little bluestem type in thinner soil on 
rough land with a normal predrought basal cover of 
60 per cent decreased to about 16. But it was 46 
per cent in 1942-43. Little bluestem was entirely 
replaced by side-oats grama, blue grama, and buffalo 
grass. 

Study of percentage composition showed that the 
predrought sod of about equal amounts of buffalo 
grass and blue grama was replaced after drought by 
one with two-thirds buffalo grass and one-third blue 
grama. But in thinner, drier soil with an equal pre- 
drought mixture, the more xeric blue zrama finally 
composed about three-fourths of the cover. Where 
little bluestem formed 45 per cent of the cover and 
side-oats grama 17 before the drought, the post- 
drought cover contained 3 per cent little bluestem, 
66 side-oats grama, and 21 per cent short grasses. 
Big bluestem nearly regained its 76 per cent of cover 
in its type, after being reduced to 15, with propor- 
tional decreases in invading wheat grass and short 
grasses. 

Studies at 15 stations in west ‘central. Kansas 
(1940-43) revealed that the initial «#verage basal cover 
under (1) light dusting and moderate grazing, (2) 
light dusting and overgrazing; (3) heavy dusting and 
moderate grazing, and (4) heavy dusting and over- 
grazing, was 2.7, 9.9, 5.5, and 1.8 per cent, respec- 
tively, in 1940. It increased in the same order by 
1943 to 75.5, 68.6, 62.1, and 26.1 per cent. 

Succession on badly or completely denuded ranges 
consisted of four stages. The first weed stage was 
composed chiefly of a dozen annual forbs, among 
which were Russian thistle, lamb’s quarters, narrow- 
leaved goosefoot (Chenopodium leptophyllum), com- 
mon sunflower (Helianthus annuus), monolepis 
(Monolepis nuttalliana), and horseweed. They oe- 
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eurred wherever the soil had been laid bare by 
drought or wind erosion or deposit ; complete destrue- 
tion was widespread, especially in the southwest. 
They played an important role in temporarily stabi- 
lizing the soil. 

A second weed stage consisted of little barley, six- 
weeks fescue, peppergrass, species of plantain and 
stickseed (Cryptantha), and other species which 
usually dominated more stable soil than the preceding 
one. These early maturing plants formed either a 
discontinuous patchy layer above the grasses or 
overshadowed them entirely throughout the range. 

An early native grass stage consisted of sand drop- 
seed, western wheat grass, tumblegrass (Schedon- 
nardus paniculatus), false buffalo grass (Munroa 
squarrosa), and windmill grass (Chloris verticillata). 
By 1940 sand dropseed was the most widely spread 
and most abundant. Thickness of stand was some- 
what proportional to the degree of destruction of the 
short grasses. The sand dropseed type became com- 
mon. Wheat grass was represented widely but often 
sparingly except in depressions or on rolling land. 

The late grass stage, consisting chiefly of short 
grasses but with wiregrasses (Aristida), side-oats 
grama, and squirreltail (Sitanion hystrix), was the 
same in both subseres. 

Succession in ranges reduced to one-fourth or more 
of a normal cover but with sufficient perennial grasses 
to regenerate quickly had only a single weed stage. 
Seral dominants were nearly the same as those in 
the preceding second weed stage but included Russian 
thistle and horseweed. 

Development of the late grass stage in both sub- 
seres was primarily the return or increase of blue 
grama and buffalo grass. 

These grasses are now, as before the drought, the 
most abundant grasses of the midwestern ranges. Mid 
grasses, scattered throughout before drought, nearly 
disappeared. With rare exceptions, they are only be- 
ginning to reappear. 

Relict blue grama, often covering only 1 to 5 per 
cent of the soil, inereased slowly during the less 
severe drought years and rapidly after 1940. Devel- 
opment of both seedlings and tillers was often re- 
tarded by too great a reduction of light caused by 
dense stands of weeds. Where drought was most 
severe, often nearly pure stands of blue grama 
developed. 

Buffalo grass is somewhat less drought resistant 
than blue grama, and was more easily smothered by 
dust. Where it remained in relict bunches and small 
patches, an abundance of seed was produced on the 
more favorable years, especially after 1940. Where 
tufts or seedlings were widely distributed recovery 
was much more rapid than that of blue grama and 
resulted in a great preponderance of buffalo grass in 
the new cover. 

Intermingling of the two short grasses and the 
formation of a dense, uniform cover are described, 
as are also the interrelations of short grass to cactus. 

Cover in postelimax vegetation dominated by big 
bluestem was greatly thinned by drought and dor- 
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maney of the tall grasses. The area was invaded by 
coarse weeds; certain mid grasses increased greatly, 
and even short grasses invaded. After drought these 
were largely replaced by big bluestem. 

Little bluestem which dominated on steep hillsides 
was reduced from about 45 to 1 per cent, its place 
being taken during drought by side-oats grama and 
blue grama. It is returning slowly. 

Recovery from drought was clearly expressed in 
increased yield. Production in the big bluestem type 
in 1942 was 2.4 times as great as in 1940, in the 
moderately grazed short-grass type 3 times, and in 
the overgrazed short-grass type, where buffalo grass 
was abundant, the increase was nineteenfold. 

All but 12 species of forbs disappeared from the 
short-grass ranges and all but 1 of these were scarce. 
Increase following drought was from dormant under- 
ground parts, from dormant predrought seed, and 
seed from relict plants. Some species showed no 
recovery, only a few oceurred in normal abundance. 

Cactus increased so greatly during drought that it 
hindered utilization of the grasses. With increased 
soil moisture, a thickened cover of grasses, and in- 
creased humidity about the cactus, its insect enemies 
thrived and this pest was reduced somewhat to the 
amount in which it oceurred before drought. 
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AIMS 


THe EconogicaL Sociery or AMERICA was founded in 1915 for the purpose of giving unity te the study 
of organisms in relation to environment, as a means of furthering intercourse between persons who are 
approaching widely different groups of organisms from closely related points of view, for the stimulation 
of ecological research, and to assist the development of the utilities which may be served by ecological 































principles. 
MEMBERSHIP 


Membership is open to persons who are interested in the advancement of ecology or its applications, and 
to those who are engaged in any aspect of the study of organisms in relation to environment. 





The following classes of membership are recognized: 


Associate Members, annual dues, $1.00. 
Contributing Members, annual dues, $2.00 to $10.00 or more. 
Active Members, annual dues, $5.00. 

Institutional Members, annual dues, $6.00. 

Sustaining Members, annual dues, $10.00. 

Sustaining Institutional Members, annual dues, $11.00. 

Life Members, single fee, $100.00. 

Sustaining Life Members, single fee, $200.00. 





Three dollars of the dues received from active members, or of the interest in the ease of Life Members 
of both classes, are applied as the annual subscription to EcoLogy. Six dollars of the dues of Sustaining 
Members, and of the interest from the fees of Sustaining Life Members, are applied as the annual sub- 
scription to EcoLoGicAL MONOGRAPHS, the quarterly journal for longer articles. Members in arrears for 
dues will, on payment, be supplied with back numbers so’ far as they are available, but the journals do 
not hold themselves responsible for reserving back numbers in anticipation of the payment of back dues. 


All members receive the BULLETIN OF THE ECOLOGICAL SocIETY OF AMERICA, issued by the Secretary in 
March, June, October, and December. It contains announcements of meetings and excursions of the So- 
ciety, abstracts of papers, programs, items of current interest to members, and occasional membership lists. 


Associate members do not receive EcoLocy or EcoLoGicAL MonocRAPus and are not eligible for office, 
but may become members in any one of the above classes upon the payment of the appropriate dues. 


Contributing members may designate the function of the Society to which the contribution, in excess 
of one dollar, is to be devoted and they receive appropriate publications dealing with the activities for 
which the contribution is made. Members of any class may be Contributing members also. Contributing 
members, if not belonging to any other class, are not eligible for office. 


Checks should be made payable to Ecological Society of America. Application blanks for membership 
may be obtained from the Secretary, to whom all corre:pondence concerning membership should be addressed. 


PERIODICALS PUBLISHED BY DUKE UNIVERSITY 


American Literature. A quarterly journal devoted to research in American 
Literature, published with the co-operation of the American Literature 
Group of the Modern Language Association of America. Subscription, 
$4.00 per year. Back volumes, $5.00 each. 


Character and Personality. A psychological quarterly devoted to studies 
of behavior and personality. Subscription, $2.00 per year. The first 
number was published September, 1932. — 


Contributions to Psychological Theory. A monograph series dealing with 
problems of psychological theory in the widest sense, including their 
relations to other fields of inquiry. The monographs appear irreg- 
ularly. Subscription, $5.00 per volume of approximately 450 pages. 


Duke Mathematical Journal. Began publication in 1935. Published under 
the auspices of Duke University with the co-operation of the Math- 
ematical Association of America. Subscription, $4.00 a year. 


Ecological Monographs. A quarterly journal devoted to the publication of 
original researches of ecological interest from the entire field of biolog- 
ical science. Subscription, $6.00 per year. The first number was pub- 
lished January, 1931. 


Educational Monographs. $1.00 a number. Numbers I-VII previously 
published. 


Historical Papers of the Trinity College Historical Society. Series I-XXV j 
previously published. $1.00 a series as available. é 


Law and Contemporary Problems. A semiannual published by the School | 
of Law, presenting in each issue a symposium on a problem of current ~ 
importance having significant legal aspects. Subscription, $2.50 for 7 
two years. The first number was published September, 1933. q 


The Hispanic American Historical Review. A quarterly review dealing ‘ 
with the history of the Hispanic American countries. Subscription, 7 


: 


$4.00 per year. 
The Journal of Parapsychology. A scientific quarterly dealing with extra- 3 
sensory perception and related topics. Subscription, $4.00 a year. ; 


The South Atlantic Quarterly. A magazine of modern opinion and diseus- ’ 
sion, founded in 1902. Subscription, $3.00 per year. 4 
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